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STUMNARY

Subject. This interim report covers labaratoyy tests amd
research develop a supsrior fire extingmishing agent, of low
taxicity, esuitable for use by troops in hand-portable containers
under all eclimatic conditions. Wark at the Purdme Research
Foundation and at the Enginesr Research and Development Ladora-
tories during the period 1 January 1947 through 1 April 1950 1is
reported herein.

Investigation. Iaboratory and practical fire tests were
conducted, and corollary determinations were mads of toxicity,
oarrosive action, electrical condmotivity, as well as of the
effects of temperature and of using different fuels and mixtures
of different agents in inhibiting fleme propagation. In both
the ladboratory and practical fire tests two agents, bromotrifluoro-
methane and dibromodifluoromethane, were found to be twice as
effective as carbon tetrachloride, and im practical fire tests at
<60 F bromotrifluorcmethane was found to be most effective. This
agent was also found to be of negligible corrosiveness, and the
loast toxic, in its natural chemical form, of the varioms fire
extingulahing agents tested, Ilncluding carbon dioxide. These
data were correlated with the results of independent investiga-
tions. Where possible, the relationship between fire extinguish-
ing effectiveness and the physical and chemical characteristies of
the agents was explored.

Conclusions. It is concluded that:

a. Of all the agents tested, bromotriflucromethans
best sults the actual military requirements for a fire extinguish-
ing agent, and is superior to methyl bromide and carbon tetrachloride.

b. As a military fire fighting agent, dibromodifluoro-
methane 1s equivalent to bromotrifluoromethane in all respects ex-
cept that of toxicity.

Recommendations. It is recommended that service tests be
conducted on bromotrifluoromethane as a fire extinguishing agent
for Class B and C fires.
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VAPORIZING FIRE EXTINGUISHING AGENTS

I. INTRODUCTION

1. Subject. This interim report covers laboratory tests and
research to develop a superior fire extinguishing agent, of low
toxiocity, suitable for use by troops in hand-portable containers
under all olimatic conditions. Work at the Purdue Research Founda-
tion and at the Engineer Research and Development Laboratories dur-
ing the period 1 January 1947 through 1 April 1949 is reported here-
in.

2. Authority. This investigation was conducted under the
authority of ProjJect 8-76-0k-003, Fire Extinguishing Agent, Im-
proved, Self-Contained. The project card (RDB Form 1A) is con-
tained in Appendix A.

3. Personnel and Cooperating Agencles. The work was
carried on by the following project engineers, under the supervision
of K. L. Treiber, Chief, Petroleum Distribution Branch, and T. B.
Edwards, Acting Chief, Fire Apparatus Section: BRugene Elliot,
3 Ma.rch 1947 to 20 Maroh 1948; Kenneth C. Peck, 20 March 191&8 to 31
September 19149, James E. Malcolm, 25 January 191&9 to date.

The tests were accomplished by the following personnel of
the Fire Test Area; James M. Hayden, Area Supervisor; Albert N.
Williams, Group Leader; Edgar Helms, and Carrol Mshon, Fire Test
Fighters.

Consultation on chemical phases of the project and
laboratory fire tests were provided by the following persomnel of
the ERDL Materials Branoh under the supervision of Arthur H. Van
Heuckeroth, Branch Chief; Charles E. Green, Chief, Chemical Pro-
Jects Section, Newell F. Blackburn, Chemical Pro:jects Engineer; and
Charlotte Boyle, Materials Engineer.

Purdue Research Foundation personnel working on the pro-
Ject under contract included: Dr. Earl T. McBee, Head, Chemlstry
Department; Dr. Zara D. Welch, Researth Supervisor; and Dr's T. R.
Santelli, C. E. Wheelock, A. Truchan 0. R. Pierce, R. A. Sandford,
and D. D. Miccuccd, research fellows.

Cooperating agencies include the Equipment Laboratory,
Wright-Patterson Air Force Base, which has contributed funds to
this project and has participated in'the technical development; and
the Civil Aeronautics Authority Experimental Station, Indianapolis,
Indiana, which has supplied test data for inclusion in this report.
The Medical Division of the Army Chemical Center conducted the
toxicological screening. investigation.
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Private enterprices that have undertaken independent
investigations and/or have made data available to the ERDL include:
E. I. duPont de Nemours, Wilmington, Delaware; Minnesota Mining and
Manufacturing Company, St. Paul, Minnesota; Pennsylvania Salt Manu-
facturing Company, Phlladelphia, Pennsylvania; and General Chemical
Division, Allied Chemical and Dye Corporation, New York City; Dow
Chemical Company, Midland, Michigan.

Liaison has been maintained with the Naval Research
Laboratory and the National Advisory Committee on Aeronautics,
Washington, D. C., both of which have lnterest in a more effective
and less toxic fire extinguishing agent.

4. Terminology. A terminology including the Underwriters'
Laboratory fire classification, terms derived in the ldboratory
studies, and chemical nomenclature, 1s presented below:

Class A Fires. Incidences where the primary combuastible
material is of a sclid nature. In most instances the material is
cellulosic, i.e., wood, cotton, excelsior.

Class B Fires. Incidences where the primary combustible
material is a liquid (almost always a hydrocarbon); however, this
class covers solvent and liquid fuel fires 1in general.

Class C Fires. Incidences where electrical equipment or
lines are involved in the fire; comsequently, an electrically non-
conductive type of extinguishing agent must be used to avoid danger
to personnel.

Flame Inhibition. The forbiddance, interdiction, or pre-
vention of the development of a flame.

Fleme Extinction. The quenching or destruction of a
propagating flame.

Agent. A fire extinguishing compound.

Flammability Peak. The minimum agent concentration, in
percentage by volume, which will inhibit flame propagation in all
possible concentrations of fuel in a fuel-alr-agent mixture.

Fuel Ordinate. The fuel concentration, in percentage by
volume, curresponding to the flammability peak.

Halocarbon. A compound containing atoms of carbon and
one or more of the chemical elements fluorine, chlorine, bromine,
and lodine. Usually, there are several ways of identifying any one
organic (carbon) compound. Here, the most common or convenient
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chemiocal name is wsed for the individmal chemical campound, rather
than an arbitrarily aselected syatem that might produce for familiar
compounds names unfamiliar to those not working in the field of
organic chemiatry. Foar the halocarbons, a nomenclature has been
devised that satisfactorily identifies the simplest compounds and
can be arbitrarily extended to include the mare camplex compounds.
The system of halocarbon nomenclature, or halon nwmbers, used in
this report is explained in detail in Appemndix B.

5. Mechanism of Combustion and Fire Extingulslment, The
mechanism of combustion in Class B fires involves oxidation re-
astions in the vapor phase at elevated temperatures. Before a
liquid can burn, it mat be converted to a gas or vapar. Easily
combustible liquids vaporize sufficiently at normal temperatures to
provide a vapor film of combustible concentration at the liquid swr-
face. Hsavy olils can be ignited only after the heat has wvaporized
enough of the oll to initiate combustion.

The mechanism of combustion in Class A fires 1s 1n part
similar to that of Class B fires. A solld (wood, for example) may
partially 'decompose under applied heat, and the gases produced on
decomposition may then undergo combustion. 1In a wood fire, the
solid residue after thermal decomposition (charcoal) may wundergo
direct cambustian, a fact demonstrated by the presence of embers
in Class A fires.

Class C fires may be comblnations of Class A and B fires,
80 that the same generalizations may be made concerning thils type.
A Class C fire 1s comsidered apart from the firat two classes,
since ths presence of an electrical potential requires an electric-
ally non-conductive extingushing agent.

Classically, a fire may be extingmished in ome of three
ways: by excluslon of oxygen, by removal of the combustible, or by
removal of heat. In the past, the action of such agents as carbon
dioxides or methyle bromlde has been considered to be a result of
excluding oxygen from the burning material. But, if exclusion of
oxygen were the sole mechanism of fire extingulshment, one inert
gas would show little advantasge over an equal volume of another gas
in putting out a fire. Thms, some other factor mmst be present in
the fire extinguishing actlon of such agents as carbon dioxlde and
methyl bramide, and this factor must loglcally involve the removal
of heat or energy from the reasting gases. The guantitative effect
of this latter factor determines the effectiveness of a chemical
agent. (For a hrief thecretical discussion of flame extinguishment,
see Appendix C.)

I2¥
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II. INVESTIGATION

6. QGeneral. The criteria used to Jwdge the suitability of
a fire extingnishing agent for a small hand mnit are derived
principally from the military characteristios (see Appendix A).
They include fire extinguishing effectlveness, corrosiveness,
toxicity, electrical condnctivity, volatility, freeze point, cost,
and commercial availability.

In the small partable wnits it is desired to have is
ing liquids (from the sandpoint of minimm damage to equipment) since
after extinguisiment, the vaporizing liquid leaves no resldme. Previ-
ously, agents otherwise suitable for wse in smmll, hand-portable units
have not been entirely satisfactory at low temperatures, and, in addi-
tion, have diaplayed varying degreee of toxicity. These agents and
their characteristics are swmarized in Table I. Since it had been
noted that among the various fire extinguishing agents, the halocar-
-bons and halohydrocarbans possessed the desired qualities of
volatility and vaporization without the deposition of a residme,
these and similar bhalogen compomnds were selected for study and re-
search. Also, silnce the principal aim of this inveatigation was to
produce an agent less toxic and corrosive than carbon tetrachloride
and more effective than methyl bromide, and because of the eient
inertness, low toxicity, and stability of certain fluworocarbons~ it
was desired to include compounds of this type in the research and
study. However, it was noted that the synthesis of fluorine com-
pounds required special techniques and "know how" not present in
other halogen work. A survey of the fleld of fluorine chemistry re-
vealed that the Purdue Research Foundation was qualified to under-
take this research. (The Foundation had become praminent in this
field as a result of its work for the Manhattan District.)

Following negotiations and contacts with other quali-
fied organizations, contract W-44-009 eng-507 was initiated with the
Foundation in June 1947. This work is being conducted according to
the program indicated bslow.

a. Laboratory tests of fire extlnguishing effectiveness,
including studies of such variables as type of fuels used, and studles
of critical data (boiling and freezing point).

b. Laboratory investigations and study of other physical
and chemical properties such as toxiclity, corrosivemess, electrical
conductivity, determination of thermal decomposition products.

¢. Engineering tests of fire extinguishing effectiveness
at normal and at reduced temperatures.

1. When two or more fluorine atoms are attached to a carbon atom
in a compound the result is distinct inertness.




Table I. Fire Extinguishing Agents in Use

Kppilcation
(Class of ¥ire)
Ageut A B & Limitations and Remarks '
Water X ¥reezes at 32 F; causes soms
damage in wse.
Chemical foam X X Not adaptable for wse at low

tamperatures. Use occasioms
considerable inoonvenience,

and may caunse damage.

Soda-acid (essential- X Freezes at between 25 amd 30 F;
ly self-propelling has gorrosive actiong cawses
vater type) game dsmage in use.

Iry powder types _ X X Mlitary application of dry

powlder type investigated at ERDL;
dry powder found to leave a cop-
ious residms which can injure
fine machinery. (a)

arbon tetrachlaride X X JFreszes at 7.6 F, and must de

halon 104) vinterized; otherwise anly &
modarately effective agent.
Presents toxic hazards
- (especially dangerous whem fire
is in comfined, wmventilated
logation), but is not as taxis
as methyl bromide, and has
negligible carrosive astion
when inhibited with C8,.

Chlorobromcmethane X X Boiling point 156 F; presents
toxie harards (especially when
fire is in confined, unventi-
lated looation, but is not as
toxic as methyl bramide; other-
wiss, an effective agent.

Carbon dioxide X X Solidifies an attempted dis-
chargs at -65 F. May be winter-
ized by addition of N,; however,
even when winterized, extinguish-
ers are not entirely reliable.
Concentrations above 10% have
physiclogleal effects leading to

wneonsciousnédes.
Methyl bromide X X  TPresents serlows toxic hazards
(halon 1001) otherwise, an effective agent.
{a) ERDL Report 1143, bry Powder Fire Extingnisbers, 25 Soplembar

19%9.

K 2=k g




d. Final container design.

¢. Development of sources of supply for agent and con-
tainers.

f. Service testing.

This repart scovers technical phaéee a, b, and ¢ to 1 April
1950, and the material is presemted here in the same general order.

Sources of supply have been developed where possible, and
continued liaison has been maintained with interssted mamufacturing
congcerns.

Much of the work conducted at Purdue concernsd original
‘syntheses of same of the campounds evaluated. That work 1s not
covered in this report, but will be presented in the chemical
literature by the personnel responsible for the syntheses.

T. laboratory Investigation of Flame Extinguisilment., It be-
came evident shortly after the initiation of studies at the Purdue
Research Foundation that the labaoratory investigation of flame
extinguishment should be resolved Into an investigation of the flame
inhibition of various agents omn a hydrocarbon vapor, and corollary
investigations of the effects of different combustibles, binary
mixtures of agents, temperature, and pressure. To facllitate in-
terpretation of the flame inhibition data obtained at Purduwe; a
test was develcped in the ERDL Materilals Laboratory to determine
the effect ¢ selected agents on small lsbaratory fires involving
a hydrocarbon, normal heptane. These laboratory investigationms
are presented in greater detail in the following subparagraphs.

a. Flame Inhibition Tests Conducted by the Purdue Re-
search Foundation, An extensive literature search revealed that
previous testing of compounds used as fire extinguishing agents
had been conducted on an empirical basis under such varying con-
ditions that the results from the different types of tests comld
not be cumpared.

The PRF concluded that a test procedure should be
used that would render reproducible results, be applicable to a
number of different compounds, require only a emall amount of
compound to be evaluated, and be conveniently operated. Con-
sequently, they adopted a procedure used by the Bureau of Mines
to investigate flammable limits of various fuels and the effect
of certain inert gases on these limits.

The method evaluates the flame inhibition proper-
ties of inert gmses or vapor on mixtures of a combustible vapor
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and air, and consists of determining whether or not a given mixture
of the three componenta can be ignited by a spark gap.< Far a given
agent . nmmbar of determinations are made with varying mixtures, and
the instances of flame propagation or nonpropagation and the comn-
centrations of the components are recorded. (The apparatus and
procedures with which this was done are described in Appendix D,
Exhibit 1.)

The data obtained in these tests were expressed
graphically, the volume percentage of the agent being plotted against
that of the combustible vapor. Different symbols were used to repre-
sent points corresponding to propagation and nonpropagation of flame
reapectively, so that the boundary betwoen these two areas could be
determined and drawn as a curve. Thus;, any point within the flammable
area defined by the ocurve represents a concentration of combustible
and agent vapor that will propagate flams.

A sample data sheet showing the evaluution of methyl
bromide (halon 1001) is presented in Table II. From similar data
sheets the flammability curves of all the compounds were plotted,
and the coordinates of thelr flammsbillity peaks were obtained. Dur-
ing the later part of the investigation flammability determinations
were made only in the reglon of the peaks to eliminate some of the
numerous trisls necessary to completely define the entire curve.

It is seen in Fig. 1 that a peak in the flammability
area oocurs at 1.4 percent n-heptane and 9.7 percent methyl bromide
in the air - n-heptane - methyl bramide mixture. This peak is the
minimon concentration of agent in the combustible mixture that will
inhibit flame propagaticn for any concentration of the cambustible

2. In the experimental determination of the flammability peaks
the spark gap was located at the bottam of the combustion tube
so that when a flame was propagated 1t traveled in an upward
direction. A discussion of the effect of direction of the
flame propagation on flammsble limits has been presented by
Coward and Jones (H. F. Coward and G. W. Jones, Limits of
Inflanmability of Gases and Vapors, U. S. Department of the
Interior, Buream of Mines, Bulletin 279, Washington, U. S.
Government Printing Office, 1939, p.2). It has been noted
by independent investigators that downward propagation is
less apt to occur in mixtures near the limits of flammabil-
ity, and that results are somewhat mare reproducible. With
upward flame propagation the traverse of the flame 1s ailded
by convectlional currents above the flame front, so that a
greater amount of inhibitor will be needed to insure non-
cambustion in all concentrations of combustible and air.
Thus, as far as the individual agent is concerned, upward
propagation affords a more rigorous test.




Table II. Flammable Limits for Mixtures of N-Heptane,
Air, and Methyl Bromide (Halom 1001)

Pressure, (mm, Bg) Volume
aGqH g E'n;ér “Total alphg %gﬁ Resu1t (@)

6-0 20.0 h98 1'2 h’oo -
7.0 20.0 508 1.h 3.9 +
6.0 Lo.o 500 1.2 8.0 -
7.0 ho.0 500 1.h 8.0 +
10.0 43.0 500 2.0 8.6 +
10.0 kk,0 501 2.0 8.8 -
15.0 27.0 500 3.0 5.kt +
15.0 30.0 Log 3.0 6.0 -
17.0 25.0 500 3.4 5.0 -
16.0 25,0 500 3.2 5.0 +
1300 35.0 h98 2.6 7-0 -
12.0 35.0 500 2.4 1.0 +
11.0 40.0 501 2.2 8.0 -
10.0 4o.0 501 2.0 8.0 +
8.0 k6.0 501 1.6 9.2 +
8.0 k7.0 499 1.6 9.k -
T.0 L8.0 501 1.h 9.6 +
7.0 k9,0 500 1.4 9.8 -
25.0 9.0 503 5.0 1.8 +
26.0 3.0 503 5.2 1.8 -

(a) ¢ indicates that the mixture burned.
- indicates that the mixture did not burnm.

material, and is consequently taken as a oriterion of the effect-
iveness of the inert vapor in inhibiting flame propagation. The
flammability peak criteria may be compared to determine the rela-
tive values of various agents on the volume basis. For example,
mythyl bromide (halon 1001) with a flammability peak at 9.7 per-
cent in n-heptane and air is superior,- volume for volume, to carbm
dioxide with a flammability peak at 29.5 percent under the same
condition; that is, the volume of methyl bromide vapor required to
inhibit flame propagation in a given volums of combustible gas mix-
ture would be one-third that required if carbon dioxide were used.

Table III summarizes the results of the flame in-
hibition studies, and presents the melting and boiling points of
the various compounds, where available. In the table, the compounis
are arranged in the descending order of effectiveness on a yapor-
volume basis, and the coordinates of the flammability peaks (concen-
trations in volume percentage for both fuel and agent) are presented.
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METHYL BROMIDE (% Total volume of mixture)
-

] 2 3 4 5 6 7 8 9
N-HEPTANE (% Total volume of mixture )

Fig. 1. ‘Flamability curve for methyl tromide (halon 1001) in a
aixture of N=heptane and air,

IR
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The labaratary flame extingtion and inhibition data
were collected an a vapor volume basis becaunse it was the most com-
venient method. However, to provide a means of evaluating the
agents on a practical basis, it was necessary to express their fire
extinguisiment effectiveness in terms of a percentsge based on the
veight of the agent used (see colwmn 9, Table I1I). For this pur-
pose the following formmla was used (methyl bhromide is taken as the
criterion, since ane goal of the mroject was to develop an agent
superiar to it in effectiveness):

E 2 Yo X (200)
Va Mg

Percentage weight effectiveness (methyl bromide be-
ing 100%)

Volwue percent of methyl bromide at its flammabil-
ity peak with n-heptanse as the fuel

Whare E

«
8

)
"

VYolume percent of agent at its flammability peak
with n-heptane as the fuel

k4
3

2 Formla weight of methyl broamide

Formila weight of agent

o™

b. Flame Extinguishment tests Conducted at ERDL Materials
Branch. Over 60 different campounds were evaluated by the flame in-
hibition method at PRF. It was realized, however, that the flsme
inhibition method of screening compounds wit.h respect to fire extin-
guishing effectiveness was open to some question, i.e., from the
flame inhibition tests at agent concentrations where no fleme was
prapagated, it could not be safely assumed that the given agent
concentrations conld extinguish a flame which had been initiated be-
fore application of the agent. To remove any doubt conocerning the
interprotation of the data, a series of tests were made by the ERDL
Materials Branch in which inert vapors (various halogen compounds
and carbon dioxide) were applied to small n-heptane fires under
closely controlled conditioms. These tests were not designed to
check the fliammabllity peak data of individual campounds tested at
Puréme, but to determine 1f the relative effectiveness of varilous
agents as indicated by the flame inhibition method was valld for
the agente when applied to the n-heptane pot fires in the laboratory
(The apparatus and procedure far these tests are presented in Appen-
dix D, Exhibit 2.)

Table IV presents the summarized results of the
laboratory fire tests. The values presented in the “Fime" colwm re-
present the average of several determinations at the flow rate
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indicated. A moderate variation in the flow rate did not appear to
cause an equivalent change in the volume of agent necessary to ex-
tinguish the laboratory fires.

c. Study of Binary Mixtures at FRF. Although the goal
of this project was to develop, if possible,.a single agent that
would meet all the military requirements, the PRF noted that there
m a possibility that a mixture of two or more .agents womld meet

the requirements. For this reasocn, a limited study was conducted’
to determine fire extinguishing effact of mixtures of two agents.
This was done by determining the flammability peaks of n-heptans :I.n
the presence of equi-volume mixtures of various halogen
and alsc by varying the proportions of two agents at a fixed com-
centration of the combustidle. A notation was made of those oom-
binations and comcentrations of selected agents in binary mixtures
that displayed synergistic, as asynergistic, or anti istic effects,
thatn,vhetha-m'mtabinmmmem ective, as
offective, or less effective than the molar aver age eZfectiveness
of the camponents.

Table IV. Swmary of Data for Compounds Evaluated
in Labaratory Fire Tests at the ERDL

" Weight
Flow Extinguigh- Volume Effect-
Chemical Halon Rate ment Time Required iveness
Copound Fammla No. (1/min.) (sec.) (1itexs) (%)

Methyl 0333': 1001 L.} 6.3 0.46 100
bromids 5.8_ 5.4 0.52

Dichlorodi- CCLF, 122 5.2 13.8 1.2 29"
filnoro- 6.5 12.0 1.3
methans

Bromodi- CEBrFp 1201 3.8 6.6 0.41 858
flucramethane 5.0 5.1 0.43 A

Bramotri- CRr¥; 1301 3.5 5.8 0.22 1308
flnoromethans 4.7 3.4 0.26

mm" $6 .o 5.7 21-3 2.0 J-6
fluoride

Carbon co, . 12.2 11.6 2.4 Yo
dioxide 12.8 11.8 2.5 .

Carbontetra- CF 4 14 9.1 15.7 ] 23
flunoride

Chlorotxri- Dch} 131 5.6 6.5 0.50 T
fluoromethane

(a) Average of two dsterminatioms.




13

Table V presents flammability peaks for equivolume
binary mixtures of dibhromomethane and melacted agents, the flam-
mability peak of the farmer being 5.2 percemt. The caloulated
flemmability peak of the mixture is an average of the observed
flammadility peaks of the respective agents. .

Table V1 presents ths effects of varioms binary mix-
tures of agents Iin suppressing the flasmabllity of fixed ctonocentra-
tions of n-pentane fuel (2.5, 4.0 and 6.0 parceat by volmme). In
obtaining the data, the propartion of the agents in the binary mix-
ture were varied for a given fuel concentration. The percentages
of sgents in the binary mixtures are on a volume basis.

Table V. Rffect of Equivolums Mixture of Dihromamethane
and Selected Agents on the Flammability of Air

and N-heptane
Toncentration at
S8elected Chemical Halon Flammability Peaks ~ Effect
Agent Formila No. (% vy Vol)
Agent ture
Obs., Obs. Calc.
Tribromo- 031‘31 1103 4.3 5.3 4.8 Antienergistio
fluoro-
methane

Perflnoro- CgF11CoF5 HP(E) 6.8 5.4 6.0 Synergistic
ethyleylo-
hexane

Ethyl bromide CH;CHpBr 2001 6.2 5.7 5.7 Asynergistic

Carbon tetra- CCl), 104 11.5 7.2 8.4 Synergistic
chloride
Chloroform CHC1, 105 17.5 9.3 11,4 Synergistic

d. St of the Effects of Various Cambustibles at PRF.
In the teats Inhibition, n-heptane was selected as the com-
bustidle, since it is a typical straight chain hydrocarbon and
possesses sufficlent volatility. To demonstrate, from the stand-
point of combustible material, the significance of the tests with
n-heptane, a study was made to determine if the relative effective-
neas of an agent varled apprecliably when applied to different com-
bustibles. The study was carried out by determining the flammabil-
ity peaks of various agents in the ocombustible vapors of acetone,




1k

Table VI. Effect of Binary Mixtures of Halogen Compounds on
the Flammability of Air and N-pentans, at Selected

N-pentane Concentrations

Agmts in R-pmatans ik at Indicated Concentrations of Agent
Binary Mixture Total MNiximwe in the Bliaaxry Mixture
(% »y vo1)
2.5 At oonosntration of SFg above MR,
synergistic; at other ooncentrations,
Mothyl bromide and atimargistio
ulfur hexafluoy
y 12 h.0 Entire range synergistio
6.0 Entire range synergistio
2.5 Entire range antienaxrgistic
Nethyl bromide and
p::f].uorobutm Ao Entire rangs synergistic
6.0 Entire renge synergistio
Nethyl bromide and 2.5 Entire rangs antienergistic
othyl bromids
2.5 At omnocentrations of cmabm 653,
@ynergistic; at other trations,
Mothyl iodide and antienergistio
othyl bromide k.0 Entire range asynergistic
6.0 Entire range synergistic
2.5 Eotire range synergistic
Dichloramethans and k.0 1
otnyl de Entire range synergistio
6.0 Entire range synergistic
( 2.5 At concentrations of CCLFy above 55%,
synergistio; at other concentratioms,
antiensrgistic
Chlarotriflnoromsthane
bromia k.0 At cancentrations of CC1Fx above 404
and ethyl ( synergistic; at other oonganf:mtionc:
antlenergistic
\ 6.0 At concentrations of CC1F, above 75%,
asynergistic; at other concentratioms,
antienergistic
2.5 At ooncentrations of ccl,‘ from 0 to
36§, antienergistic; above 36%,
synsrgistic
Carbon tetrachloride
and trichlarocethylens A0 At concentrations of CCl), from O to
36% synergistic; fram 36% to 70%,
antienergistic
6.0 At concentrations of CCl, from 0 to
36%, synergistic; from 325 to 70%,
antienergistic
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benzens, diethyl ethar, ethyl acetats, ethyl alcohol, smd isopen-
tane .

The flammability peaks of selected agents in vari-
ous combustible solvents are shown in -Table VII, axpressed as
volume percent of the inhibiting agents at the maxima of the flam-
mability ocurves.

bk oF O P Lo IETen Ter s weresarr Tof oat st
PRF. The bulk of on were carried oxt at
romm temperature; however, since an agent was desired which would de
effective over a wide temperature range, a series of tests were made
to determine the flammability peak at -78 €, 27 C, and 145 € (-108 F,
81 F, and 293 F respectively) so that any temperature effect might
be noted. The procedmres and apparatus employed are described in
Appendix D, Exhibit 3. These temperatwres ware selected foar experi-
mental comveniaence, and 1scbutane was selected as the combustible,
since it possessed better volatility at redunced temperatures than
n-heptane. The coordinates of the flammability peaks are presented
in Table VIII, and the ourves in Appendix D, Exhibit 4.

The flammable areas at -78 C were quite irregular.
Chlorotriflucramsthane (halon 131) showed divided areas, and the
other compounds showed sharp indentations in the f le areas
(see Appendix D, Exhibit 4). Ths data concerning pressure are at
present incomplete.

Originally a copper cambustion tube had been com~
strmoted for the PRF studies at reduced temperatures. A port was
constructed at the top of the tube so that the flame would not de
visible wnless it traveled all the way up the tube, the apparatus
being otherwise similar in design and dimensions to the glass set-
up. used for flawmability determinations at normal temperature.
When mixtures of n-heptane and air were evaluated in the copper
tube it was found that the limits of flammability corresponded
very closely to those found using glass tubes. However, when
methyl bromide was added to the mixture, the peak in the flammabil-
ity curve was found at about 1.5 percent agent, as compared to 9.7
percent in glass tubes, indicating that the presence of copper en-
hanced the action of methyl bromide.

8. laboratory Investigation of Corrosion at PRF. Since the
agent would be subject to storage under any climatic conditions for
long periods of time in a metal container, stability to metals was
chosen ag a means of classifying the materials. Preliminary studies
at PRF showed that the compounds being evalwated were, in general,
stable to powdered alumimm at reflux temperatures. Accordingly,

a series of experiments were conducted in which the test campounds
were heated in contact with strips of metal at 392 F (200 C). Im

730
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Tabls VII. Rffect of Varioms Combustibles cm Flammability )
of Mixtures of Halogen Compownd, Alr, and Fuel

mm -
ébyvnl.
(Balon (EAlon (

Combust-  Chemical  CBF CEgBrg Fe CF
1ble Al (Rl  (Emlon --  (Halom

1301) 1002) 2001) 1001) --) 1hk)
l-mm 6731.6 6.1 502 602 9.7 20.5 26
Isopentanse 05312 6.3 6.8 6.3 8.k 19.8 20.k
Benzene Celg A3 7.3 8.2 8.4 18.3 23.6
Ethyl 623501! 3.7 5.7 5.2 6.2 10.6 19.8

alcohol

Diethyl (c.H.),0 6.3 T.7 7.3 7.2 21.8 22.k4
e ther 2%2

Acetone (CE;) c0 5.3 5.7 5.8 7.3 16.h 18.7

Ethyl CH3COC 4.6 4.3 6.3 6.8 17.5 21.k
asotate 235

Table VIII. Effect of Temperature on the Flammabllity
Peak of Halogen Coampounds with Iscbutane

Uoncentraticn at Peak Fiammablllity

(% by Vol.) y
at -6 C at +27 C at +145 €
Agent Formala Halen Agent '%n"‘m“ Kgemt CpH; Agent Cjlj,

No.

s —

Broamotrifluoro- CBrF5 1301 3.25 L.5 k.7 4.6 1.3 k.0
methane

Meothyl bromide CHBBI' 1001 3.5 3.5 6.7 4.0 8.3 k.0

Chlorotrifluaro- CC1F; 131 8.25% 3.5 10.75 k.25 12.8 k.0
nethane .

Sulfur hexa- SF6 - 12.75 5.0 5.7 5.0 17 55

fluoride -
Carbon tetra- QFh lh 18-25 5.0 23075 ,‘"oo 2101" 3-5

fluoride

¥Divided flammable area noted, lower peak at 2.0

i
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gensral, only the materials boiling above about 50 C were wsed in
this study and these compowunds were chosen to show the effects, if
any, of strustural relatiomships on instability. The apparatus and
Rrocedures used in this test are desaribed in Appendix D, Exhibit 5.

The data of the corrosion tests are swmmarized in Table IX.
The compounds have been divided into four growps, according to the
welght change in the metal. The results show that the compounds are
less stable toward alumimm than to elther brass, coppar, irom or
magnesiwm, but that there appears to be no significant difference
between the stabllity of these compomnds to brass and copper. Com-
plete reparts of corrosion tests are found in Appemdix D, Exhibit 6.

9. Electrical Canductivity Testa at PRF. One of the military
requirements of the new type agent 1s that 1t be switable for applio-
cation to Class C firea; that is, it mmst be essentlially a noncom-
ductar of electricity. 1In view of this, the PRF undertook appropri-
ate resistivity measurements. A Westinghouse power factar cell and
General Radio megolm bridge, Type 54li-B, were wsed in determining
the volume resistivities of varioms fluorocarbons as listed below:

Compound Resigtivit

e (i)
Perfluoramethylcyclohexans b x 10t
Parfluaroethylcyclohexane 1 x 10™
Parflunoroindane 2x 1011‘
Perfluoro-n-heptane 2 x 1012
Perflucronaphthalane 4 x 1000

These results indicated that the compounds are, for practical pur-
poses, nonconductors. Data on the bromofluorocarbons are at present
incomplete.

10, Laboratory Investigation of Toxicity. An investigation of
toxicity was started at the Army Chemical 5@%@ (1) to determine
the approximate lethal concentrations of selected new agents and of
such agents as chlorobromamethane (halon 1011) and carbon tetra-
chloride (halon 104); (2) to conduct a thorough study of the lang-
term physiologlical effects of the finally selected agent or agents;
and (3) to conduct toxicity tests in the presence of flame to deter-
mins the physiological effects of the selected agents wnder simmlated
conditions of application. The detalled planning of this program has
been conducted in cooperation with both the army Industrial Hyglene
Laboratory and the Medical Division of the Army Chemical Center.

33/




Contast with Mstals at 200 ¥ and 292 ¥

Compound =
T A0 oo TN
m@®m M om ) om

g2 200

> () )
Halocarboms
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metal used.) (d) contact time

11-15 days
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To date only soreening tests have been conducted at the
Army Chemioal Center. The method used for these tests was adapted
from the procedure used by Deichman and Mergard in their etudy of
approximate lethal doses (ALD) of various compounds. In the tests,
white rat specimens were exposed to various vapor oconcentrations of
the agent for a period of fifteen minutes in order to determine the
appraximate lethal concentratiom (ALC) of the agent.’ (For a de-
seription of the procedure used to bracket the ALC see Appendix D,
Exhidit 7.)

The toxicity of the natural vapors and of the pyrolized
vapors of the same agents are presented in Table X. The specimens
were observed for 1k days after the 15-minute exposure, and the
toxicities recorded are based on mortalities ocourring in the 1k-
day period. In the tests with pyrolized vapors, the vapors were
passed with air through an iron pipe heated to éOO C, and sub-
sequently cooled to room temperature. This test was oonducted to
obtain preliminary indications of the toxic effect of the agents
when applied to fires with hot metal (iron) surfaces involved.
Except for the use of the hot iron tube the same procedures were
used to obtain these data as were used to screen the direct
toxicities.

11. Practical Fire Tests. In order to verify the findings
of the laboratory studies, and to make a final screening of the
compounds displaying superlor fire extinguishing effectiveness,
practical tests were conducted on Class A and Class B fires with
the following agents:

Agent Halon No.
Bromotrifluoromethane 1301
Dibromodiflucramethans 1202
Dibramotetrafluoroethane 2402
Perfluoromethyloyolohexane GN (M)
Methyl bromide 1001
Carbon tetrachloride 104

Carbon dioxidse .
Methyl iodide 10001
Chlorobromomethane 1011

3.  The ALC 1s used to indicate the taxicity of the agent when it
is inhaled. The term 1s analogous to ALD, which indicates the
toxicity of the agent when it 1s administered orally or sub-
ocutansously, and is derived in the same manner.

332
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The first two compounds listed, bromotrifluoromethane and dibramodi-
fluoromethane, were selected because the laboratory studies indicat-
ed that the most effective and stable agent would be a bromofluoro-
sarbon having a single carbon atam and at least two fluorine atoms
per molecule. The secand two compounds represent intermediaste de-
greoes of effectiveness among new agents studied in the lsboratory
at the PRF, whiie the remaining chemicals either represent exiast~
ing standards or have been proposed in the past as fire extinguish-
ing agents, and have been tested in the studlies conducted at the
PRF.

Standard Underwriters® Laboratories tests were modified to
accommodate 2-pound test samples, 2-foot tub fires belng used for
the Cless B tests and 2- by 2-, 2- by 3-, and 2- by 4-~foot cotton
wagte flre tests for the Class T tests. The procedures for the 1n-
dividual tests are found in Appendix D, Exhibit 8.

In conducting the fire tests 1t was desired to cbtaln com-
parsble data on liquid and gaseous agents applied under nitrogen
pressure, The pressures used were 800 psi (roughly equivalent to
the vapor pressure of CO, at room temperature), and 400 psi (an inter-
mediate pressure sufficient to insure discharge at -65 F). At these
yreasures the agent was dischargsd as a light mist. For dlscharging
the various agents a Randolph laboratories stsn’.rd 2i-pound COo ex-
tingulsher was salected hecause of ite simplicity of operation,
moderate capacity, and dependabili®ty. The human element introduced
ty the manual aittack on the fires combined with such uncontrolled
variables as air turbulence to cause deviations from one individual
test to another. For most agents as a compromise between a number
vhich would give precise, statisticaliy reproducible results, and the
qusntity of the new agents available, 10 tests were made and the re-
sults were averaged. The time of extinguishment reported glves an
indicaticn only of the rats of discharge, and in the times reported
there may be varying consistant errars;, depending on the individual
cperator, from one series of tests to another.

The resuits of the englneering tests are presented in
Table XI, in which ars tabulated, in addition to the comparative
welghts of the agents used to extingulsh the standard fires, the
percent effectivensss of the varlious agents, based on an -assumed
value of 100 for methyl bramide. The percent effectiveness (E)
was calcwlated by the following formulas

nz-%m- 100
a

whers Wm = the weight of methyl bromide used in the standard
test.

Wa = the welght of agent used in the standard test.

333
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12. Low Temperature Tests at ERDL. A serles of tests designed
to duplicate as nearly as possible arctic environment, was under-
taken in the ERDL. Cold Chamber at temperatures ranging from -55 to
-65 F to determine if the otherwise qualified agents were suitable
for use under arctic conditions.

To conduct the tests a special assembly was designed, and
was constructed in the ERDL Shops. The assembly was semi-automatical-
ly and remotely controlled, the actuation of the extinguisher being
mechanical, so that the human element in the extinguishment of the
test fires was eliminated. The description of the apparatus and the
test procedures are contained in Appendix D, Exhibit 10.

During the actual fires the exhaust fan and the precooler
system of the cold chamber were operated to insure adequate ventila-
tion of the Chamber. However, the admission of large quantities of
air, not completely chilled to -65 F, at essentially 100 percent
humidity caused icing in the primary cooling coils of the chamber,
which in turn made it impossible to maintain -65 F, without long
intervals between tests, therefore, a temperature ranging from -55
to -65 F was maintained.

A sumary of the test data is presented in Table XII. Imn
this table the average weights and times required for extinguishing
the pan fires with the respective agents are reported. These aver-
ages do not include tests in which no extinguishment occurred, or
in which definite malfunctioning of the test apparatus was noted.
.Comparison of the number of valid tests with the number of ex-
‘tinguishments for each agent provides an indication of the reli-
ability of the agents.

ITI. DISCUSSION

13. General. The initial goals of the laboratory study were

to obtain and evaluate a substantial number of compounds, to deter-
mine the best of the group with respect to fire suppression, and to
determine whether the data on the entire group could be correlated
on some basis that would indicate the type of compound that could be
expected to possess superior fire inhibiting properties. Thsde goals
have been largely accomplished. At present, laboratory work is pri-
marily concerned with establishing the mechanisms responsible for the
flame suppressing activity of halogenated agents. The information
sought in this study is believed to be the key to the currently un-
explained results.

In addition to the study of the extinguishment mechanism
(which includes the correlation of physical properties and constants,
and the determination of thermal decomposition products with and
without fuels and oxygen present), additional tests of compounds

33¢




Table XII. Smesary of Reswlts of Low Texperature Tests

- Avg. Avg. WE.
Ext. Agent Re.
Agent Ealon Time to IExt. Valid No. Temp. Range
No. fwe) (0z) Tests Ext. (Deg. ¥)

Mist Application (400 puig)®

Mothyl bromide 1001 7.6 33,5 12 6 -56 to -6k

Dibramodifiwaro- 1202 6.6 24,5 11 11 =55 to =65
mothane

Bramotrifluoro- 1301 3.0 21.0 15 1k =50 to -60
mathane

Ditramotetra- 2hop 5.5 2k.0 10 3 =51 to -58
flucrethane

Straight Stream Application (200 psig)®

Mothyl bramide® 1001 3.5 27.0 3 1 56 to =57

Ditr lmoro- 1202 k.0 26.0 1 1 =59 to -60
methane

Dibramotetra- 2402 3.0 22.5 1 1 -5k to =55
i’.‘l.uoroethaneh

(a) Extinguisher cylinders were pressurized to the indicated pres-
sure at 70 F with K> .

(b) Agents naturally liquid at roam temperature; commercial carbon
tetrachloride nozzle used for applicationm.

containing elements other than carbon, hydrogen and the halogens will
be made to verify some of the tentative conclusions. At the termina-
tion of thewe laboratory studlies, suffisient kmowledge should be

attained so that any trial and error investigation of halogenated ar

vaporizing type extingmishing agents will be wrmecessary.

The theoretical significance of the laboratory data and
its relation to the selection of an agent for service test are dis-
cussed in subsequent paragraphs.

14. Correlation and is of labora Extingnisiment Data.
A study of the results of the e and investigations, and
thelr correlation with those obtained elsewhere, reveals that certain
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extingwshing agents are more effective than othsrs under all ocom-
ditions teated.

a. Correlation of Data. The laboratory n-heptane fire
teats were run In the Nalterials Branch to determine the relative
offectivensass of selected agents which had been tested at Purdue.
The plot of data in Fig. 2, a oomparison on the bagis of weight,
indicates that a direct relatiomnship exists between the two sets
of data. Thus, it appears that the flame inhibiting effeot of an
agent 18 a measure of its general fire fighting effectivensess.

As a further check on the resmlts of the flame ex-
tinction and inhibition teats on fire fighting agents, a compari-
son, on the weight basis, was made with test data fram omtside
sources. These include teats performed by the CAA Experiment
Station, the Minnesota Mining and Mamufacturing Company, and by
two British agencles. The data from these sources are contained
in Appendix E, Exhibits 1 thromgh 3, respectively, and are sum-
marized in Table XIII, from which it can be seen that while
methyl lodide does not perform as well in some actual tests as
predicted, the relationship between methyl bromide and cardbon
tetrachloride 1s fairly consistant regardless of the somrce of
data.

Table XIII. Comparison of Extinguishment
Data from Various Sources

_____ ¢ Effectiveness on Welght Basis®
Pyrene Burgoyne

Agent Halon  Co., and
Ro. Itd. Richardson® CAA PRF MMM
Methyl bromide 1001 100 100 100 100 cee
Mothyl iodide 10001 68 ee 67 106 95
Carbon tetra- 104 58 47 ko 52 5T
chloride
Carbon dioxide ces cee 53.5 17° 1 71°

(a) Methyl bromide set at 100%
(b) See Appendix R, Exhibit 1
(c) See Appendix E, Exhibit 2
(&) See Appendix E, Exhibit 3

-
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b. B Mixtures. In the investigation of binary
mixtures, it was arig'mﬁs assumed that the resulting flammadbility
peak could be determined by adding the mole fraction times the
flamability peak of the first agent to the prodmot of the same
properties of the second agent. However, the validity of this as-
sumption was not borne out by a comparison of the observed results
with those caloulated (see Table XIV). In this respect it is in-
teresting to apply the LeChatelier reciprocal molsr additivity rule™
for predicting the lower flammable limits of mixtures of two com-
bustibles. If such a relationship 1s applied to the data of Table V,
the following formulas wmay be used:

P, = 2
S SN
F, Ty

2

P 2 calculated flammabllity peak of the equivolume
mixture by the above method,

the flammablility peak of companent A,

[+
1]

Py, = the flammabllity peak of ccmponent B,

If a direct relationship is assumed, the following equation is used as
indicated in Table V:

P, = m
c - 2
where:

P, z calculated flanmability peek in the above equatiam,
P, end Py are as indicated previocusly.

k.  The rule is given by H. LeChatiier (Estimation of Fire Damp
by Flammability Limits, Ann. Mines, Vol. 19, Ser. 8, (1891)
pr. 388-395), and may be written:

I.m=i....._l__.

2, D
L 'h
where:
L, = lower limit of flammability of a mixture in volume
percent,
Lg = lower limit of flammability of component A in volume
percent,
Iy = lower limit of flammability of component B in volume
percent,
Fg = mole fraction of component A in the fuels, and

mole fraction of component B in the fuels.

|
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Fig. 2. Correlation of flame inhibition and flame extinguishment

data (see Tables III and IV).
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The two mathods of calowlating mseam flammebility
peaks of mixture are compared ix Tshle XIV, delow:

Table XIV. Percentags of Agents at Flumsadilily Peaks

for Bimary Mixtures of Di thana
Coangantration of Agmmt

Agent ’ﬁ“ st Miﬁ; Peak Erfoot
) [+ ik o a
Tribromofluaro- 1103 &3 5.3 &8 M7  antienergistioc

methane

Perflnorosthyl- HP(E) 6.8 5.Mh 6.0 5.9 syergiatic
¢yclohexansg

Ethyl bramide 2001 6.2 5.7 5.7 5.7 saynergistis

Carbon tetra- 1oh 115 7.2 8.4k 7.2 1
chloride '

Chlorofara 103 7.5 9.3 1.k 8.0 ?

(a) The dibromomethane and selected agents were in each case an
equivolums mirture. (Flammabllity peak of dihrommmethane = 5.2%)
(b) P, = experimentally observed flmmmability peak for the mixture.

Although the reciprocal molar additivity rule appears
to confarm to these data better than ths direct molar average values
(Py v8 Pg), thana.umberofinstancesdomdoﬁnitelyindiqats
tha superiority of either method.

Since the testa revealed no significant ‘increase in
effectivenesa as a result of the wse of a binary mixture, and in
view of the limitations of the project, no further wark fias been wn-
dertaken on the subjact of mixtures.

c. Use of Variows Fusls. Teats of selected agents in
inhibiting flame in varicua fuais Indicated that their relative
effectiveness did not vary appresciably with a variation of the fusl.
However, same correlation was noted between the heat of combwation
of the fuel and the maan of the flaxmability peaks of the agents
ocalounlated by the reciprocal method. That is,

FP, = . a2 —— 3

e o —— ¥ e ommumn

I"P'n FP n
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n being the mmber of reciprocal flamability peaks in the swmma-
tion. Fig. 3 indicates that in most cases the highest flammability
peaks are obtained with fuels having high hsate of cambustion, these
being present in a hamogenous vapor mixture of fuel, air, and agent.
However, in the prastical fire fighting tests of Burgoyne and
Richardson (see Appendix B, Exhibit 3), it was found that vwhen com-
bustion was supported by ths vaporizing fuel, a higher concentra-
tion of agent was required to extinguish ethancl fires than was re-
quired to extinguish benzens fires. Thus, it appears that factors
othar than the heat of cambustion must be considered in comparing
the data from these two sources. Among these are the volatility of
the combustible and its rate of diffusion.

d. VYVariation in Temperature. It is seen from Table ViiI
that the order of effectivensss of the halogen compounds tested are
the same for the range of temperatures studied, i.e., -78 C to -145 C
(-108 ¥ to -293 F). This fact is of practical impartance, but the
irregularities of the flammable areas for the redwced temperatures
(see Appendix D, Exhibit 4) have no apparent explanation at present.
As more is learned about the flame extinguishing mechaniems of thes
various agents, further analysis of these data will be undertaken.

e. Effect of Combustion Tube. The results of the fleam-
mability determination with methyl bromide, indicating a lower flam-
mability peak in copper vessels, are with precedent, since in ex-
periments with mixtures of hydrogen and oxygen in silver vessels
the reaction rate of the gases was significantly retarded.” It was
hypothesized that the presence of silver in vapor farm interfered
with flame propagation by blocking hydrogen radicals. The pre-
sence of silver vapor was attributed to the action of hydrogen
radicals at the vessel surface. It seems possible that the same
mechanism could act in a copper vessel. The PRF has made no
further experimental investigations of this phenomemon since it
would have entailed the use of additional and diversified equip-
ment, whereas other investigations were more partinent to the
immediate problem of explaining the mechanisms of the individmal
agents.

15. Effect of Molecular Structure on Ext isiment. In
this theoretical analysis of data, certain correlations are ap-
parent when the reciprocals of the flammability peaks are examin-
ed or manipulated. This appears logical, since the agent blocks
or inhibits flame propagation which would otherwise ooccur. The
reciprocal of the flsmmability peak is a direct function of the
ability of an agent to inhibit a flame, whereas the flammability
peak is an inverse function of the seme action. By considering
the flammability peaks of the various agent-fuel mixtures as the

5. B. Lewis and G. VonElbe, Combustion, Flames and Explosioms

vt

of Gases, (Cambridge: Cambridge University Press, 1958).
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measure of flame "conductivity® and the reciprocals of the flsmmabil-
ity peaks as a measure of flame “resistivity™ the following approxi-
nmate atomic gesistivities were deduped aftar several trial and error
caloulations:

Fluorine 1
Chlorine 2
Bromine 10
Jodine 16
Fram these atomic resistivities the flammability peak of

the various halocarbons may be eatimated dy means of the following
farmmla:

_ 100
T = €7,

where:
ZRa = ARf+BRc+(IRb+m1 = molar reslstivity,

Rey Rgy, Ry and Ry being the atomilc resistivity, and A, B, C, and
D being the mmber of fluorine, chlaorine, dbramine, or iodine atoms
in the respective agenta. These resistivities are approximate,
since any more exact determination womld have been mare .laborious
than wa%'ra.nted until the full significance of these data is ascer-
tained.

6. The Purdue data were examined to determine if the flammability
peaks could be correlated in any way with the chemical structure.
In one investigation the reciprocals of the flammabllity peaks
were caloulated. On examination of the reciprocals, an apparent
additive effect of the various halogens of the halocarbons was
noted. The term resistivity is used to indicate a measure of
the resistance to flame propagation.

7. It is of further interest to note that the atamic resistivity
rule is of the sami form as the LeChatellier rule (see par. 1k),
l.e., if FP, = %0 then a "reciprocal conductivity"

T, + o, ots.

oan bo used in place of the resistivity so that: FP, g 0
Ca O

which 18 of the sasme form as 1

+

e
%o
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‘ Mpst of the flammability peaks thus obtaimed as can be
seen from Table XV, cuarrespond to the chsarved valwes. Whare large
deviations ocowr, it is possible that they are the result of varia-
tions in the mechanisms of extinguislment. There is also an indica~-
tion that non-symetrical compownds deviate in a positive manner (i.e.,
better than predicted by atomic resistivities) from the approximated
perfamance id inhibiting flame propagation. Caleulated and cbserv-
ed flammability peaks are cited partiowlarly for the fallowing:

Agent Balon Xo.
2-bramo-1,1, 1- triflucropropans 33018
3-bramo-1, 1, 1- trifluaropropane 3301C
Bramotrifluoromethane 1501
1-bramo-2, 2-difluaropropane 3201
2-bromo-1-chloro-1,l-diflucropropane 32118
2-bramo-1,1, 1-triflucroethane 2301

The welght effectivensss of a halogenated agent may also
be estimated, on the basis of methyl bromide as 100 percent, as

belng .
9HO0ER,
e
where:

ERa is as above
M = molecular weight of the agent

[@olecular weight of methyl 'bromida)
\ —

This estimated effectiveness carresponds in the instances
where the calculated and observed flammability peaks are in agree-
ment.

950 = 100 x

Thus, the estimated effectiveness of trichloromethane
(chloroform) is

%ﬁ = 48 percent (observed = Uk percent),

and that of carbon tetrachloride is
950 x 8

= = 49 percent (observed = 52 percent).
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Table XV. Flammability Resistivity Analysis of Purdue Data

Caloulated Ghearved
Molar n—bmgy Flemabil- Floamebil-

Resis- z 100 1v Poak ity Peak
Agunt Tl nm: 7;@ ar,) (re,)
) (2) {5) (6)
Bbromodiflucromethane 1202 23.8 4.5 k.2
1,2-d1%romo-1,1-41f 1umrosthane 2202A 22 23.3 k.3 b3
Tritrasofinoranethans 103 31 23.2 3.2 b3
1,2-41t%ramo-2-chlarotrifivorcethans 2312 25 22.6 h.o b6
2-bromo-1,1,1-triflucropropans 33018 13 20.4 7.7 49
1,2-dibramotetrafinarosthane 2h02 2k 20.4 k.2 b.9
1,2-di1ocdotetrafluaroethans 2koo2 36 20.0 2.8 5.0
Dibtromome thane 1002 20 19.2 5.0 5.2
S romo 1 1- teiftasropropans o 13 1.5 77 A
3-bramo-1,1,letrif . . .
Ethyl ioalde 20001 16 17.8 6.2 5.6
Bromopentafluoroethane 2501 15 16.3 6.6 6.1
Methyl 1lodide 10001 16 16.3 6.2 6.1
Bromotrifluoramethane 1301 13 16.3 1.7 6.1
Ethyl bromide 2001 10 16.2 1 6.2
1-hromo-2,2-41f1uoropropans 32010 12 15.9 8.3 6.3
2-bramo-1-chlaro-1,1-diflnoropropane 3208 14 15.6 7.1 6.4
Dibromoflucromethans 1102 21 15.6 4.8 6.4
2-bramo-1,1,1-triflucrcethans 2301 13 14,7 7.7 6.8
Perfluoro(ethylcyclohexans ) NP(R) 16 k.7 6.2 6.8
Perfluoro(l,3-dimsthyloyclohexane) MP(3NM) 16 1.7 6.2 6.8
Perfluoro(l,k-dimethylcyclohexane ) MP (kM) .16 14,7 6.2 6.8
Iodotriflucromethane 13001 19 1,7 5.3 6.8
1-bromo-2-chloroethane 20118 12 13.9 8.3 7.2
2-bromo~l=chloro-l,l-diflucroethans 2211 14 15.3 7.1 7.2
Perfluoro (methyloyclohexane) an(M) hUY 13.3 7.1 T.5
Perfluorcheptane GP 16 13.3 6.2 7.5
Chlorobromome thane 1011 12 13.1 8.3 7.6
Bromodiflucramethans 1201 12 11.9 8.3 8.k
1,2,2-trichlarotriflucroethane 233 9 1.1 1.1 9.0
Hydrogen bromide s 10 10.7 10 9.3
Bromochlorodifliuoromethane 1211 1k 10.7 7.2 9.3
Mothyl bromide 1001 10 10.3 10 9.7
Difluorovinyl bromide eee 12 10.3 8.3 9.7
Perfluorobutane bJ 10 10.2 10 9.8
Silicon tetrachloride 8 10.1 12.5 9.9
1,2-d1chlarotetrafluoroethans 22 8 9.4 12.5 10.8
Carbon tetrachloride 104 8 8.7 12.% 11.5
2-chlaro-1,2, 1~ trifluoropropans 3318 5 8.3 20 12.0
3-chlaro-1,1,1-triflucropropane 331A 5 8.2 20 12.2
Chlorotrifluoramethans 131 5 8.1 20 12,3
Hexafluoroethans 26 6 7.5 16.8 13.h
Dichlorodiflucramethane 122 6 6.7 6.8 1.9
Chlaroform 103 6 5.7 18.8 17.%
Fluorofoarm 13 3 5.6 33.3 17.8
Chlorodifiucrasethans 121 b 5.6 -3 17.9
Octaflucrocyclobutane 48(c) 8 5.5 12.5 18.1
Sulfur hexafluoride 6 k.9 16.8 20.5
Baron trifluoride aee 3 5.0 33 20.5
Phosphorus trichlaride s 6 4.5 16.7 22.5
Eydrogen chloride 2 3.9 50 25.5
Carbon tetrafluaride 14 3 3.8 -] 26
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Although at present no definite explanation can be made
of the theoretical significance of the atomic resistivities, Table
XVI offers a poasible lead for further correlation of the flame
extinguishing properties of the various halogens when additional
basic physical data are available,

The specific resistivities shown in Table XVI indicate
that there 1s no practical advantage in ilodine over bromine, on the
direct welght basis as a component of a fire extiuguishing agent.

Table XVI. Physical Characteristics of Halogens

Characteristic Fluorine Chlorine Bromine Iodine
Atomic weight 19 35.5 80 127
Atomic resistivity 1 2 10 16
Specific resistivity 0.0592 0.0578 0.1258 0.1268
Atomic number 9 17 35 53
Atamic number ratio 1b 1.9P 1° 1.5
Electrons in shells 2,7 2,8,7 2,8,18,7 2,8,18,18,7
Boil point liquid(K) 864 2394 3324 4564
Liquid density at B.P. 1.114 1.5578  2.98d 4.0d

(gm-cm~>)
(Liquid density at B.P.)®  1.21 2.42 8.9 16
(gn2- cm™6)

. _atomic resistivity
(a) Specific resistivity = bemlo wolght
(b) Ratio based on atomic number of fluorine
(¢) Ratio based on atomic number of bromine
(d) International Critical Tebles, McGraw Hill (1926)

16. Effects of Application Rate, Molecular Weight, and Tempera-
ture on Extinguishment. While the practical fire tests in general
confirmed the results obtained in the laboratory, certain differences
appeared to result from the rate of application and the molecular
weight (vapor density) of the agent.

The discharge rate 1s, at a given application pressﬁ:re, a
function both of the relative volatility and of the molecular weight,.
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It was noted that the effectivensss of both methyl loramide and
ditramodiflucramethans increased with a redmotion of charge pressure
fram 800 to MO0 peig. This effect is mimilar to that noted in the
camparison of the Civil Aeronautics Amthoarity data with those of the
FRF (Appendixr E, Exhibit 1). These tests amd the evalmation of
variows orifice sizes with dibromodifluoramethane (see Appendix D,
Exhibit 9) smggeata that the optizmm application rate for a given
type of fire varies with the particular agemt. Also, dihromodi-
fluoramethane was most effective on the Class B 2-foot twd fir:,
whereas bramotrifluwcromsthane was most effective on the Class €
fire. This suggesta that the optimm applicatlion rate may alse
vary fram one type of fire to another.

Since the bramofluorocarbons used were prodmced on a
labaratory scale, there was not a sufficlent quantity avallable
for the extensive program required for a comprehemsive atudy of
the optimmmm discharge rate for the finally selected agent. This
study will be conducted as soon as the agent becomes avallable on
a commerclal basis. With respect to the influence of molecular
weight on the performance of an agent in actual fire tests, it is
possible to propose two hypotheses: (1) a compound of molecular
welght several times that of air should persist in the area of
application longer than would a campound of essentlally the same
density as alr (such as COp), thus tending to prevent flashbacks;
(2) a less dense campound will be able to displace more alr from
a burning surface per unit weight applied, and it will diffuse
more rapidly into the flame front. However, 1t appears from the
limited tests that molecular weight of the halogenated agsnts is of
leass importansce than the rate of application.

The Cold Chamber tests Indicate that the application of
dibramodifimoromethane either as a mist ar as a straight stream
from containers pressurized with nitrogen is both effective and
practical. They also indicate that the relative effectliveness of 8
the agents applied as a mist was as predicted by laboratory studies™,
except that bramotrifluoromethane, which is a gas at -65 F, is more
effective than dlbromodiflumoramethane

A comparison of methods of application under low tempera-
ture conditions (mist ve straight stream) and the relative effect-
iveness of the agents applied as straight streams is not posaibdle
on the basis of the limited data obtained (only I tests of straight
stroam application were made). It should be noted, however, that
the mist application caused anly a slight fwel dilution, whereas
in the straight stream application the burning fuel was diluted
critically, thus effecting extinguisiment (see Appendix D, Exhibit o)

S, Less dibromotetrafluoromethans than dibromodifluorcmethane (by
woight) was wsed in the extinguishments effected, but the former
failed in 7 out of 10 attempts.

3¢0




maagntanndnrtest 1tmalsoneceasmtodetemina their
taxicity, their corrosivanesa, and their electriocal condmctivity.

a. Toxicity. The toxicity data on the pyralyzed vapars
of chlorobromome , dibromodifluoromethane, and 1,2-dibromotetra-
fluoroethane cannot be used to demomstrate that any one of these com-
pounds 1s mare ar less taxic than the other, bdut it does indicate
that the three agents have toxicities of the same arder of magnitude.
(n the relative values of toxicities reported by the approximate
method, significant differences are indicated only when the toxic
concentration differ by factars of 2 ar mare.) The relative taxici-
tles indicated by the series of 15-minute exposures to the natural
vapors of the sgents are essentially the same as those that would
be indicated by a series of 5- or 1l0-minute exposures to the same
agenta. This is true because the mechanisms of toxiclty are the
same for exposure periods ranging approximately from 5 minutes to
1 hcu.

The pyrolysis test used was selected to give an
expedient indication of toxic products which might be formed when
applying the various agents to a fire. Since the vapors were
pyrolyzed in a completely oxidizing atmosphere the test may be
more severe than the conditions expected in most small fires. In
the final evaluation projected far bromotrifluorcmethane snd di-
bromodifluoromethane the taxic effect of the agents when applied
to actual fires will be determined.

The most striking anomally noted in the data col-
lected by the Chemical Center is the great reduction in the toxicity
of the methyl bromide vapors when pyrolyzed. This has been explain-
ed as resulting fram the conversion of the methyl bromide to carbon
dioxide and hydrogen bromide, both of which are considerably less
toxic than the original methyl bromide.

In the screening data it was shown that elther
bramotrifiworomethane or dibromodifluoromethane will meet the
military requirements concerning toxicity. The greater toxicity
of the pyrolysis products of dibromodifluoromethane over those of
mothyl dbramide is not a critical factor because in actual fires
the toxicity of carbon monoxide and other cambustion products will
in most cases be greater than that of the pyrolysis products of
the agent. However, distinct advantage 1s seen in bromotrifluworo-
methane ¢over dibromodifluoromethane insofar as natural vapor and
pyrolyzed vapor toxicitles are comcerned.

It is seen that the mare completely fluarinated
the halocarbon, the lower 1s its toxiclty, as a general rule.
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b. Corrosion. As a class of eempownds, the flworocarbons
were the least carrosive (most stable) of the compounds investigated
and the monohaloalkanes the most corrosive (least stable), while the
halohydrocarbong containing halogen atoms on adjacent carbon atoms
were less atable than those contalning halogen atoms in the 1-3 posi-
tion. This 1s illustrated by the fact that 2-tromo-1,1,l-triflucro-
propane was less stable than 3-bromo-l1,1,l-triflucropropans. This
type of instability is to be expected, since dehalogenatiom, ome of
the expested reactions between a metal and a halohydrocarbon, occurs
more readlly when the halogen atoms are on adjacent carbon atoms
than when there is a carbon atom betwsen the two carbon atoms hold-
ing the halogen atoms.

That the halogen compounds proved to be less corro-
slve to the metals at 200 F than at 392 ¥ was also to be expected,
gince, in general, the rate of a reaction doubles each time the
temperature is increased by 18 degrees F. Specifically, for bromo-
trifluoramethane no measurable corrosive actlion was noted at 392 F,
and it seems probable that any campound shown to be reasanable
non-corrosive at 392 F or 200 F will meet the requirements for a
fire extinguishing fluid.

Since there have been no wnexpected deviatioms in
the stability of the halogen-coutaining compounds, this phase of
the work was temporarily discontinued. At present further corro-
slon tests are underway with bromotrifiuoromethane and dibromo-
difluoromethane.

c. Electrical Conductivity. Certain fluorocarbons
have been found to be non-conductora of electricity. Although
it 1s believed that the bromofluorocarbons, which have essentially
the same structurs, wlll also be non-conductive, the most effective
of these latter agents are currently being tested to determine
thelr electrical resistivity.

18. Findings. The following technical findings are indicated
by the laboratary and engineering fire tests of the agents under

study:

8. The flame inhibition method is a convenient means
for predicting the fire extinguishing characteristics of a vaporiz-

ing agent.

b. The indicated correlation of flame inhibiting pro-
pertles of the agents with thelr chemical structures suggests the
exlstance of a thearetical explanation far the mechanisms by which
they extinguish fires.

3¢
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6. The halocarbons and halohydrocarbons of one or more
bromine atoms per carbon atom exhibit greater flame inhibiting
effectiveness on a weight basis than do the corresponding chlorides
and fluorides, while the corresponding iodides are no more than
equal to the bromides in this respect.

d. Binary mixtures of the agents tested exhibit no
significant increase in flame inhibiting effectiveness over that
of the individual agents concerned.

e. The flame inhibiting effectiveness of binary mixtures
(or multicomponent mixtures) can be roughly approximated but not
precisely predicted from the performance of the individual components.

f. The relative flame inhibiting effectiveness of any of
the agents investigated does not vary appreciably with variations in
the type of fuel (hydrocarbon or oxyhydrocarbon), or of the tempera-
ture of the atmosphere in which the flame is propagated.

g. In halocarbons of similar structure the greater the
relative nmumber of fluorine atoms in the molecule, the less toxic
it will bde.

19. Selection of an Agent for Service Test. Both the labora-
tory and the engineering test data (including the reduced temperature
tests) show that two compounds, bromotrifluoromethane and dibhromodi- .
fluoromethane, have been consistently more effective than methyl
bromide in extinguishing fires. Of the two agents under consideration,
dibromodifluoromethane was found to be the more effective by a narrow
margin at room temperature, all of the studies taken as a whole,
whereas bromotrifluoromethane was the more effective at -60 F.

The corrosive effects of bromotrifluoromethane appears to
be practically negligible for the common metals. In tests now 1in pro-
gress at the ERDL, or to be undertaken, the effect of this agent, and
of dibromodifluoromethane, both on metals and on other materials, is
being determined.

With respect to the toxicity of these two agents, the tests
with rats show bromotrifluoromethane to be 1/28 and dibromodifluoro-
methane to be 1/2 as toxic as carbon tetrachloride (methyl bromide
is 5 times as toxic as carbon tetrachloride). The large relative
difference 1s toxicity is taken as clear evidence of the superiority
of bromotrifluoromethane over dibromodifluoromethane in this re-
spect. The effect of these agents on humans has not been determin-
ed, but the results on rats indicate that bromotrifluoromethane may
be used with relative safety in an inclosed area such as the interior
of a vehicle, tank, or plane. An approximation of the safety factors
of these agents in relation to that of carbon tetrachloride or methyl
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. bromide, if 3 pounds (weight of agent in cwrrent CTC hand extin-
guishers) were released in a space having an interior volume of
200 cubic feet (appraximately that of a combat tank), would be as

. follows:
Tank Vapor Relative oty
Agent Conc. (ppm) Factar

Bromotrifluoromethane 35,000 24

Carbon dioxide 125,000 5.3
Dibramodiflucromethane 26,000 2.1
Carbon tetrachloride 30,000 1.0
Mothyl bromide 58,000 0.1

Such a range of safety factors 1s interpreted as indicating that
the effect on a human being of a 15-minute exposure to the various
agents, under the conditions given, would conceivably range from
slight or none for bromotrifluorcmethane to probably lethal for
methyl bromide. Another fastor in toxicity, of course, is the ef-
fect of pyrolosis products that are themselves toxlc. Here, again,
bramotrifluoromethane has shown ita superiority over dibromodi-
fluoromethane in the tests thus far completed.

. No known practical extinguishing agent is self-expelling
over the expected range of storage and use (-65 to 160 F). Both
of the agents under consideration can be applied from cylinders
pressurized with inert gas, neither being suitable for use in pump
type extinguishers such as those currently used for carbon tetra-
chloride. When applied from a pressurized container (400 psig at
70 F) the discharge ranges from a fine mist at low temperatures to
a gas at the upper limit, bromotrifluoromethane being the more
volatile of the two. At room temperatures and below, dibromodi-
fluoromethane can also be applied as a =olid stream, using a lower
discharging pressure (under 200 psig at 70 F). However, neither
agent solidifies on discharge at -65 F, as will carbon dioxide.

These agents require the same production facilities as
the fluorinated refrigerants (freon), and for this reason their
cost will be comparable. For this same reason, nelther agent
possesses an appreclable inherent advantage over others with re-
spect to cost. Although their cost will be considerably higher
than that of agents now in use (carbon tetrachloride is currently

: quoted at 8¢ per lb), it should be noted, that the more expensive

Tank vapor concentration (pmm)
Approximate lethal concentration (ppm)

. 9. Relative safety factor =
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fluorinated refrigerants were ascepted in place of those previomsly
used because of their low toxiecity. A similar preference is antici-
pated for dramotrifluoramethane.

The compliance of the seleoted agents to the military
characteristics is shown in Table XVII. It is noted that both bromo-
trifluoromethane and dibromodifluoromethane comply with the military
characteristiocs, which are samewhat general in nature. For this
reason, the governing factor in the final selection of one of these
agents for service test 1s that of toxiclty, their fire fighting
effectiveness and other characteristics being approximately equal.

The servise test of a bramofluorocarbon agent has been ap-
proved by the cercl , and bromotrifluoromethane has been selected as
the specific agent to be thus tested, with delivery for this pur-
pose anticipated for the spring 1951.

20. Future Work. While the service tests of bromotrifluoro-
methane are in progress, work will contlinue on the following phases
of the present lnvestigation:

a. Completion of toxicity investigations. (More com-
prehensive toxological data will be required before clearance of
the new agent can be obtained fram the Surgeon General.)

b. Completion of corrosion and mechanism and pyrolysis
product studies, and development of theoretlcal correlations.

¢c. Completion of the design for the new extinguilsher.
(Preliminary requirements have been set up, and two contracts have
been negotiated with industry to produce expendable axtinguieher
units for use in service testing the agent.)

d. Engineering testing and studying of horn and extin-
guisher arifice design to provide optimum performance of the new
agent in the new extinguisher. (This study is projected for execu-
tion as soon as the new agent is available in larger quantities.)

IV. CONCLUSIONS
21. Conclusions. It is concluded that:
a. Of all the agents tested, bromotrifluoromethane best

suits the actual military requirements for a fire extinguishing
agent, and is superior to methyl bromide and carbon tetrachlaride.

10. CETC Meeting 205, Item 1083, 16 November 1949.
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». As amill tu'yﬁ.ra fighting agent, dikrowndiflwere-
methans is equivaleat o romtrifixcressthans ix all rexyects ex-
copt that of taxisity.

V. REGOUNRAYTION

&.M It iz recosmended Xhat service tests
sanduo (1 Ixoromethans a8 a fire sxtingwiahing agent
far Class B and € fires. '

Somitted hy:

Snell—

Project Euginser

Forwarded by:

Chief, Petrolewm Distribdution Bramch

Approved 18 Augnst 1950 by:

Chief, Civil & Mi{itary Eagineering -
Department
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Offioe, Chisf of Engineers Engr. Res. & Dev, Laboratories
Perdue Research Foundation ~009ENG507
« Res. & Dev, Div., MO, OUE
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Office, Chiaf of ineers
L. RETicIMtion
o T £
1 January 1 X { {
L 15
1
1 Item No. 1083, CETC Meet.
e a req 14 o a

agent equal to or superior to methyl bramide in its effectiveness in the
extinguishment of fires, and no more toxic than carbon tetrachloride. This
development may result in an item of material that possesses such marked
superiority over existing items that complete replacement will be justified.

a. REFERENCESs
(1) Report of Preliminary Tests of “CB" Fire Extinguishing Agent by
Engineer Research and Development Laboratories 14 August 1946.
b. OBJECTIVE:
(1) Development of an improved, self--contained fire extinguishing &gent
to replace existing agents used in combating flammable liquid and
electrical fires.
c. MILITARY CHARACTERISTICS:
(1) The agent shall be suitable for use in combating Class B* and *C"
fires.
(2) It shall not be more taxic than carbon tetrachloride.
(3) It shall be suitable for use at temperatures from 120 degrees F to at
least minus 50 degrees F, and as near to minus 70 degrees F as possible
(4) It shall not detexiorate when transported, or when stored for periods
of time up to five years, under any climatic conditions.
(5) It may be produced in quantity within reasonable cost limits, and
with existing production facilities. R
(6) Its corrosive effects shall not be greater than that of standard carbon
tetrachloride fire extinguisher fluid.
(7) It shall be a nan-conductor of electricity.
d. DISCUSSION:
(1) Preliminary studies of fire extinguisher media have included a study
of a new agent captured in Cermany which appears to have desirable
characteristics as a fire extinguishing agent. This agent has a
chemical nomenclature of “monochloromonobromomethane® which, for
simplicity, is being called ."CB". A limited quantity has been pro-
duced .and tested. The results of these 1 tests ha
38, IIND IR, e iIcar L 1. ]G
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S8CURILY CLARSIPICALION - UNCLASSIFIED

« DISCUSSION (Continued)s

(1) proved encouraging.
(2) The agencies interested in this project in addition to the Corps of

! Engineers are the Army Ground Forces, Air Foarce, and the Navy,
Do mom m’
(1) Punds will be provided to a qualified research agency to search ths

chemical compound field for an agent equal or superior to methyl bromide
in its effectiveness in extinguishing fires, and which is no more taxic
than carbon tetrachloride. Any agents ‘Which laboratory tests indicate
are worthy of trial will be procured for thorcugh testing by the Engineer
Research anc Development laboratoriss or other qualified agency. If
necessary, an extinguisher for applying the agent will be developed. ‘
The Perdus Research Foundation is to explore the Flourine field to deter- f
mine the suitability of oven flourine compounds as fire extinguishing ’
agents.

YDGRD-
SBCIRIPY CLASSIPICALION ~ UNCLASSIFIED




APPENUIX B
Balon Nommolature

To enumerate the halocarbons and halohydrocarbons under study
in Project 8-76-04-003, the following nomenclature has besn devised.

To designate a satwrated halpcarbom a series of digits
are used, the flrst corresponding to the number of carbon atoms,
the second to the mumber of fluorine atoms, the third to the number
of chlorine atoms, the fourth to the number of bromine atoms, and
the fIfth to the mumber of iodine atoms in the halocarbon or
halohydrogcarbon molecule, Hydrogen is not designated, and the final
zews of digits are not written., A cyclic compound is suffixed by
(c), or by the following designations of an aliphatic group which
is coupled to the ring:

methyl (M)

ethyl (B)

1,2 dimethyl (2M)

1,2,3 trimethyl 22,?1)
1,k diethyl etc (4E) ete

Isomers ere designated by sufflxes A,B,C, etc., and 1f symetrical
are written ylthout suffix. Non-symetrical compounds are designated
by the letters A,B,C, etc,, corresponding to the locatlon of the odd
halogen atoms, Thus, the compound

FFPPFPF

(I I |
F-C-c-c-(l!-(:l
O

FFFPF
is dealgnated halom 491A, and the compomnd
FFFPF
(A
PCLLL - F
[ |
FC1F F

is designated halon 491B.

In the event that the number of any type of halogen atom
in the compound exoceeds nine, letters are used in place of numerals,
Thus, if thirteen fluorine atoms are present, the letter M is used
to designate the number of fluorine atoms.

3¢ |




51
APPRONX C
The of ¥ire shment

1, TNature of Flame, There are seyeral yays of explaining
flamp propegation. One oconcept proposes free radical chain reac-
tiona, which, inthagueorhydrogenbuminsinm, is
explained as follows: :

[2] + 0o~ o] 4 [4]
B 4+ [0f-wE0 4 [i]
By 4 [0]~-[0f] 4 [X]

In this mechanism the free radicals may be said to form at eleyated
temperatures, and the radicals diffusing aheed of the flame initiate
the reaction in the unburned portiom of the gas. Another concept
proposes that energy liberated in combustion 1s radlated to adjacent
unhwrned mpleculss, thus snergizing them sufficiently so that they
undergo combustion.

In elther case free radlicals may proyids the reaction
mochanism., The difference between the two comocepts is in the mammer
in which ensrgy is transforred from the reacting to the nomreacting
zone, ,This energy is necessary to initiate or sustain combustion.
Hydrogen and oxygen may be mixed at room temperature without reaction,
but the application of a spark or flame will initlate a reactiom
that will propagate itself to completion., In mixtures of hydrogen
and chlorine, light energy only is needed to initiate the reactiom.
It must be noted that in order for the reactions to sustain them-
sleves, each mplecule must be activated with sufficlent emergy to
react. The resulting net energy change (q) is expressed by the
equation

R T

El = activation energy, and
E, = energy liberated in reaction.

When q is positive, as shown, the reaction 1s gxothermic, as is the
cage of a combustion reaction.

l <
B. Iewls and G, Von Elbe Combustion, Flames and losions of

Gases, (Cambridge: Cambridge Universily Press, 1950).

3¢g |
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Aotivated Reactants

Time

2. Mechanism of Rti:%, shment. If oxygen dilution were the
only factor, lnert gases be essentially equiyalent in their
effect, vyolume for yolume. Hence, a fire extingulshing agent mst
positively deter flame propagation, as well as effect oxygen dilu-
tion in the air, It follows that a fire extingulshing agent may
(1) block the free radical chain by reaction, or by absorbing radi-
cal energy; (2) it may absord energy directly in the flame zone,
reducing the energy level below the actlyatlion emergy for the com-
bustion reaction; or (3) it may form metastable compounds or com-
vlexes with free radicals, thus preventing their diffusion to un-
burned gases.

Byvidence indicates that the effectiveness of the halocar-
bon agent varies with the type of halogem present, as indicated in
the body of this report, so that in this case the blocking or
energy absorbing property appears to be a function of the halogen
group.

3. Additional Properties of Agents used in Fire hti%sggg.
On further consideration of activation emergles, it 1s seen t any
compound, ur even atoms, may be decomposed if sufficlent energy is
expended, The initlal energy necessary 1s the activatlion energy
for the particular reaction. Thus & fire extinguishing agent may be
decomposed, no matter how stable it may be. The criterion of this
type of reaction is the magnitude of the activation ene:rgy.l High

1 In this inyvestigation, an agent which performs satisfactorily in
Class B and C fires is sought, and it is not expected that such an
agent will be satisfactory, for instance, against magnesium fires,
where the energy leyel is extremely high, and an exothermic reactiom
is possible between the megnesium and the halogen of the halocarbon.
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activation emergy indicates difficuliy in ipltiating the reactiom,
and a slow rate of reaction (Arrbemius equation).

Thus, the decomposition activation ensrgy for the agent
mst be sufficient to asswre that decomposition 1s at & minirum
while the egent is exposed to the flame, apd that there is no
possibllity of the agent reacting directly with combined carbdon o

hydrogen components of Class B and C fires wlth the liberation of
heat.

Fluorocarbons are quite stable and require fairly high
temperatures before decomposition, temperatures in the crder of
TOO to 900 C being required befg.re significant cleeyage of poly-
carbon atom compounds is noted. .

1 B.T. Brice, W. H. Pearlson, end J, H. Simmons, "Fluorocarbon

Chemistry: Cleavage of Carbon--Carbon Bonds by Chlorine and
Bramine," Jowrnal of the American Chemical Society, 71 (1549)
Pp. 2499-2501. )

3¢9
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i " Appemdix D, Exhibtdt 1
: APFEBIY D
- Test _tueand adire
| Flame Apparatus and Test Procedures at
FRF, The 8 used ! s Tlame ition ts a was
‘a8 followss-

An apparains similar in design to that described by Jones
and G1111land? was oomstructed for use in determining the flammable
areas for mixtures of alr, n-heptans and halogen compounds, This
apparatus (sse Fig. 4.) oonsisted of a combustion tube (1), 5.1 om
by 123 cm proyided with suitable inlets for introducing dry air
(8, 7, 17), heptane (19, 21) and a halogen compowmnd (20, 22). A
ground glass cover plate at the bottom of the tube permitted
operation at reduced pressures and served as relief yalve in case
of an explosion within the tube. A mercury pump, consisting of
valyes (5, 6, 13) and mercury reservolrs (4, 12), were proyided for
mixing the gases. The pump was actuated by alr pressure and the
Tmping was controlled by a solenoid yalye (9). Valyes (10, 11)
were used to control the flows., A vacuum pump (23) was used for
. evacuating the combustion tube prior to charging it with the halo-

gen compound and heptane, The mressure in the tube was determined
from a manometer consisting of smeter stock (2) and a mercury well
(3). Elsctrodes (15) and coll (16) were used to proyide a spark
for ignition. "These slectrodes wers made from 2i-gage platinum
wlre and adjusted to provide a spark gap of 6 mu. Little yariation
in the flammable 1imits was observed with changes in pressure from
about 200 mm mercury to atmospheric pressures.

Since,, in general, the vapor pressure of the test materlals
was too low at normal room temperaturs to permit the attalmment of
mixtures haying the desired composition, it was found advantageous

_ to carry out the experiments leadlng to the determination of flam-
mable areas at pressures ranging from 300 to 500 mm of mercury.
Hence, the combustion tube was eyacuated and the desired amount of
heptane and halogen compound was introduced, the compound with the
lowest volatility belng introduced first. Dry air was them Intro-
duced in sufficient guantity to produce the required total pressure.

- 1 Purdue Research Foundation, Interim R on Fire Extinguishi
Agents for the Period 1 Sept—W__%l To ch 1048, n.d., PP. 3-D.
2 G, W. Jones, apd W, Gi111iland, Extinction of Gasoline Flames by
Inert Geges. (U.S. Bureau of Mines, Repart of luyestligations,

BT 3971, Amril 1946) |
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The composition of the mixture in the tube wms calculated from the
rressure of each compopent. The alr, heptane and halogen compound
was thoroughly mixed far a period of 10 to 15 minutes, the exact
time depending upon the rate of pumping. Mixtures were considesred
flaammeble 1f the flame trayeled from the spark gap to the top of
the tube.

Techniques of operation were checked by determining the
values for flagmmeble limits of mixjwres of benzeme and alr., The
lower limit was found to be 1.k t@ 1.6% and the upper limit 8,2 to
8.8% as compared with 1.4 and 8.0% ously determined at the
Bursau of Mines (Bulletin 270, 1928). ILimits of flammbility for
mxtures of heptane and alr were determined at yarious total pres-
sures., Greater preclsion was obtalned when the flammmble limits
vere determined at greatly reduced pressures.t For example, far
mixtures containing 1 to 3% by volume of heptane, a total pressure
of 500 mm of mercury was satlsfactory, but when the heptane com-
position was of the order of 3 to 8%, more precise results were
obtained when operating at a total pressurs of 400 mm of mercury.

1 Variations in the determination of the limlts of flammbility

are belleved to be due to the condensation of small quantities
of heptane in the side-arm of the tubes before mixing was com-
Pleted. As consequence, the composition of the mixture, as de-
termined from the amount of materlal introduced, was not the
true composition of the gaseous mixture. At the lower pressures,
condensation in the side-arm is avolded and the composition of
the gaseous mixture is more accurately obtained from the quanti-
ties of materials introduced. The flammable limits of heptane
and alr were found to be 1.0 to 1.2% for the lower limit and 7.0
to 7.3% for the upper limit,
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Fig. 4. TFlame Inhibition Apparatus used at the Purdue Research
Foundation,
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Appendix D, Exhiblit 2

EXHIBIT 2. ILabarat ‘ tus and Procedure for ERDL Fire .
htig%shmnt Posts, A %ﬁtm’y setup (see Fig. D.) was developed
by the als ch of the FRDL, by meens of which the fire ex-
tinguishing t could be applied at a comstant rate through the
fixed inlets (A) to the n-heptang fire in ths water Jacketed con-
tainer (B). The agent vapors were passed through a small rotometer
(C), and the flow rate was controlled by the pressure reducing valve
(D). Prior to test, the agent vapor lines were purged with N,
followed by the particular agent under test. In the test procedurse
followed, a flow of cpld water was maintained in the contalner
Jacket (E) to insure a constant temperature, and the container was
filled with n-heptane to within exactly ome inch of the fixed inlets.
After the heptane had been ignited with a gas burner, a mreburn of
30 ssconds was permiited, following which, the agemt vapors were
admitted to the test contalner at a predetermined and constant pres-
sure (constant flow rate) , end the time cf extinguishment was noted
by a stop watch, Finally, the Jacketed cqntainer, which was
located under a laboratory hood, was flushed with fresh alr. The
amount of agent required could be calculated from the time and rate
of flow, and various rates were used to determine if thls varlable
affected the results significantly. This method was adaptable only
to compounds which are gases at room temperature and pressure.




A

Fig. 5. Pot fire test apparatus used at the ERDL.
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: s {lammbility dcbern:lmtions, axoept that
the combu.stion tube was plaoed in an insulated cylinder bath that
could be heated electrically to control the tube temperature within
1 degree Centigrade or conld be cooled by dry ice in trichlorocethy-
lene. Some changes were necessary in the tube (the stopper serving
as a relief yalye had to be placed on the top of the tube). This
apparatus is described as follows:l

As with conventional tubes, a pyrex tube (51 mm GD by 120
cm long) was constricted and an 8-mm tube wes sealed at the end to
lead to the mixing system. The edge of the open end was ground
smooth and flat so as to make a tight seal with a flat plece of
rubber when the tube was evacuated. An 8-mm tube leading from the
mixing system was sealed to the tube through a ring-seal neer the
open end., A spark gap was made by sealing two platinmmm elecippdes
in the tube near the closed end. The experimemnts were then per-
formed by placing the tube either in a bath of dry ice and
trichloroethylene for the -78 C data an air bath for room tempera-
ture data and an oll bath heated by two T5-watt heaters (No. 19
Nichrome) controlled through 18-amp variarcs for the «145 C data.
It was necessary to use a pumping cycle of 30 minutes to insure
complste homogeneity of the gaseous mixtures.

1 Purdue Research Foundation, Interim Report on Fire Extinguishing

Agents for the Period 1 March 1949 to 31 August 1949, n.d., p 14.
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Appendix D, Exhibit 4

EXHIBIT 4. PRF Data on Effect of Temperature and Pressure on
Yarious s,

Fig. Title Page
6

Effect of temperatire on flammable area of hromo- 62
methans, Top: at +26 0; Bottom: at -78 C.

T Effect of temperature on flammable area of carbon 63
tetraflnoride, Top: at +26 C; Bottom: at-78 C.

8 Effect of temperature on flammable area of chloro- 64
trifluoromethane, Top: at +26 C; Bottom: at -78C.

9 Bffect of temperature on flammable area of bromo- 65
trifluoromethane, Top: at +26 C; Bottom: at -78 C.

10 Bffect of temperature on flammable area of sulfur 66
hexafluoride, Top: at +26 C, Bottom: at -78 C.
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Fig. 6. Effect of temperature on flammable area of bromomethans, .

Top: at +26 C; Bottom: at -78 C.




8
5 7
e
a
Q s
-
N ¢4 $
&
r ] - —
v
'§ 2 :
g , | 7ZEAerERATURE ~ 26°C.
0

0o 3 6 9 4

/5 o & 24 27 30

CARBON TETRAFLUORIDE, PERCENT BY VOLUME

VOLUME

ar

PERCENT
W
/

TEMFPERATURE = -78°C.

ISOBUTANE ,

o

o 3 -] 9 e
CARBON TETRAFLUORIOE,

5 /8 2/ P-4 27 X
PERCENT By VOLUME

63

Fig. 7. Effect of temperature on flammable area of carbon tetra-

fluoride, Top: at +26 C; Bottom:
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Appendix D, Exhibit 5

tus and Procedures for Corrosion Tests at
ml Foﬁsﬁga and welghed strips of metal and 20 ml of the halogen
compound. were sealed in ampoules (Carius tubes). The weight of the
samples varied from 1.2 to 3.5 g, depending on the type of metal.
The tubes were inserted in iron pipes which, in twrn, were placed
in an oven heated at 392 F, After 30 days, the tubes were allowed
to cool to room temperature and then opened. The physical appear-
ance of each strip was noted and the liquid contents were stored in
vials for future studles., After removing coetings from the strips
which had corroded, the strips were reweighed and changes in weight
compared with the original value were recorded. This study was
initlated to show the stabliliiy of halogen compounds to alumdinum,
copper and iron, common materials of construction. After this
study was initlated it was requested that brass strips be substi-
tuted foar copper strips.

Compounds showing marked instability to the metals at 392 F,
were heated in contact with the same metals at 200 F, In additionm,
experiments were comiucied, in which the halogen-containing com-
rounds were heated in contact with magnesium ribbon at 200 F.

1 Purdue Research Foundation , sumery Report on Fire Extinguishing
Agents for the Period September 1, 1947 to August 3L, 1948, n.d.,
p 13.
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Appendix D, Exhibit 6

EXHIBIT 6 Corrosion Data Obtained by PRF

Table XVIII. Corrosive Action at Reflux Temperature,
under Aqueous Conditions for 100 Hours

Veifgt of Metals (g) Change in Wei%t_
Compound ginal nal g

Carbon Tetrachloride

Copper 1.84k49 1.7271 -0.1178 - 7
Aluminum 1.2891 0.0000 -1.2801 -100
Iron 3.4522 2.4549 -0.9973 - 29

Carbon Tetrachloride
(with inhibitor)

Copper 1.8289 - 1.7306 -0.0983 -5

Alvminum 1.2921 0.0000 -1.2921 -100

Iron 3.2768 2,1348 -1.1h420 - 32
Bromochloromethane

Copper 1.7705 1.7652 -0.0053 nil

Aluminum 1.3454 0.0000 -1.3454 ~100

Iron 3.4169 2.8851 -0.5308 - 16
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Table XIX. Corrosive Action at 392 ¥ (200 C) for 30 Days
Welight of Metale (g) Change In Vo;%:_t
Compound Original Pinal & Appearance
Carbon Tetrachloride
(with inhibitor)
Copper 1.8297 0.0000 -1.8297 100 Completely
corroded
Aluminum 1.1894 0.0000 -1.1804 =100 Completely
corroded
Iron 3.0947 0.0000  «3.0947 -100 Completely
corroded
Carbon Tetrachloride
(without inhibitor)
Copper 1.7005 0.0000 -1.7005 =100 Completely
corroded
Aluminum 1.4000 1.3567 -0.0433 -3 Gray coating
Iron 2.8319 2.7562  -0,0757 -3 Black coating
Dichloromethane
Copper 1.7005 0.0000 -1.7005 -100 Black, com-
pletely cor-
roded
Aluminum 1.4190 1.3393 -0.0797 -6 Black coating
Iron 3.1027 3.0785 -0.02k2 -8 Black coating
Bromochloramethane
Copper 1.8078 0.0000 -1.8078 =100 Completely
corroded
Aluminum 1.1758 0.6501  -0.5257 -45  Corroded
Iron 2.7196 2.7351 +0.0156 t1  Red coating
Didromomethane
Copper 1.7856 0.0000 -1.7856 =100 Completely
corroded
Aluminum 1.1824 0.70%1 -0.4783 -40 Corroded
Iron 3.2240 3.1121  -0.1119 -34 Red coating
1,1,2-Trichlorotri-
fluoroethane
Copper 1.8443 0.9085 -0.9358 ~51 Gray coating
Aluminum 1.1920 1.1920 0.0000 0 Slight dis-
coloration
Iron 3.0530 3.0530 0.0000 0 Slight dis-
coloration
1-Bromo-2-chloro-
ethane
Copper 1.7457 0.7730 -0.9727 -60 Black coating
Aluminum 1.4380 1.3188  -0.1192 -8 Black coating
Iron 3.2271 3.1982  -0,0289 -1 Black coating
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Table XIX (Continued)
We °mﬁw
Compound —gh?@l_ﬁ & Appearance
1,2-Dibromotetra-
fluoroethane
Copper 1. 7443 1.5442  -0.2001 «11 Gray coating
Aluminum 1.4465 0.0000 -1.4465 =100 Gray, com-
pletely cor-
roded
Iron 2.9080 2.9043 -0.0037 nil Black coating
3-Bromo-l1l,1l,1-tri-
fluoropropane
Copper 1.7581 1.6965 -0.0616 -3 Gray coating
Aluminum 1.2280 1.2280 0.0000 0 No discolor-
ation
Iron 3.1935 3.1841  -0.0094% nil Mo discolor-
ation
2-Bromo-1,1,1-tri-
fluoropropane
Copper 1.6717 1.5705 -0.1012 -6 Black coatirg
Aluninum 1.3970 0.0000 -1.3970 0 Completely
corroded
Iron 3.2663 3.2510 -0.0153 nil Black coating
Perfluoroheptane
Copper 1.6055 1.6055 0.0000 0 No change
Aluminum 1.4428 1.4601  40.0173 0 Slight tarnish
Iron 2.7258 2.7258 0.0000 0 TRo change
Perfluorocethyl -
cyclohexane
Copper 1.6861 1.6861 0.0000 0 No change
Aluminum 1.4149 1.4327 +0.0178 0 Slight tarnish
Iron 3.1050 3.1050  0.0000 0 No change
Perfluoro(l,3-dimethyl-
cyclohexane)
Copper 1.6838 1.6854 +0.0016 nil Slight tarnish
Aluminum 1.3945 1.4041  +0.0096 +1 8Slight tarnish
Iron 2.8250 2.8256 4+0.0006 nil Slight tarnish
Perfluoro(l,4-dimethyl -~
cyclohexane )
Copper 1.7371 1.7371 0.0000 0 No change
Aluminum 1.3883 1.k062 +0,0179 ¢l  Slight tarnish
Iron 3.1313 3.1318 +40.0005 nil No change
Perfluoromethyl
cyclohexane
Copper 1.6209 1.6209 0.0000 0 No change
Aluminum 1.4828 1.5062  +0.0234 +2 Slight tarnish
Iron 2.9908 2.9908 0. 0000 0 No change
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Table XIX. (Continued)

‘hﬁ of Metals tgﬁc' in Weight
Compound 8 Appearance

Perfluoronaphthalane
Copper 1.7350 1.7350 0.0000 O No change
Aluminum 1.k029 0.0000 -1.k029 -100 Black, oom-
pletely cor-
roded
Iron 2.9379 2.9379 0.0000 0 No change
Perfluoroindane
" Copper 1.6678 1.6678 0.0000 0 No discolor-
ation
Aluminum 1.4031 1.4175  40.0144 +1 Black coating
Iron 3.8083 3.1083 0.0000 0 HNo discolor-
ation
Msthyl bromide
Copper 2.8437 1.8698 +0.0261 +1 Blight dis-
coloration
Aluminum 1.2145 1.2145 0.0000 0 No discolor-
ation
Iron 2,8084 2.8130 #0.0046 nil 8Slight dis-
coloration
Trifluoromethane
(fluoroform)
Copper 1.7830 1.7830 0.0000 0 Ko discolor-
ation
Aluminum 1.2572 1.2578 0.0000 0 Ko discolor-
ation
Iron 3.1043 3.1043 0.0000 0 TNo discolor-
ation
Bromotrifluoromethans
Copper 1.8290 1.8398 40.0108 41 BSlight die-
coloration
Aluminum 1.2101 1.2110 40,0009 nil No discolor-
ation
Iron 3.1116 3.1170  40.0054 nil 8Slight dis-
coloration
Chlorotrifluoromethane
Copper 1.8625 1.8625 0.0000 0 No discolor-
ation
Aluminum 1.1830 1.1830 0.0000 0 No discolor-
ation
Iron 2.9177 2.9177 0.0000 0 No discolor-

ation
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Table XX. Corrosive Action at 200 ¥ (93 C) far 30 Days

Veight of Netals |
Compound —g‘gm—m

Mw

Carbon Tetrachloride

Copper
Aluninum
Iron

Cardon Tetrachloride
(with inhiditor)

Copper

Aluminum

Iron
1-Bromo -2-chloroethane

Copper

Alwminum

Iron
2<Bromo-1,1,l-trifluoro-

propane
Copper
Aluminum

Iron
1,2-Dibromotetrafluoro-

ethane
Copper

Aluminum

Iron

1.8331
1.2198

3.3224

1.8828
1.1596

3.3024
1.7733
1. 23%
3.23M

1.8174
1.3880
3.6006

1.8552
1.1781
3.4582

1.7&1
0.6177
3.2718

1.5780
0.0000

2.7677
1.71&85
0.0000

3.2255

1.8174
1.3880
3.6006

1.8552
1.1781
3 . 1‘582

-0.0510
'oa 6&1
-0.0506

-0.3048
-1.1596

-0.5347
-0.0248
'1.2397
-0.0122

0.0000
0.0000

0.0000

0.0000
0.0000

0.0000

~3
49
-2

-16
=100

-1k
-1
=100

nil

Black coating
Black ooating
Red coating

Black ocoating

Completely
corroded

Red ocoating

Black coating

Completely
corroded

Black coating

No discolor-
ation
Ko diecolor-
ation
No discolor-
ation

No discolor-
ation
No discolor-
ation
Ko discolor-
ation
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Appendix D, Exhibit T .
KHIBIT 7. A tus and Procedures, Toxicity Screening of .
Halocarbons b}_;A:ﬁii%ﬁE:—Eenter. ¥ire exting:gsﬁng agents were
used as follows:
Agent Formmla Balon No.
Carbon Tetrachloride ocL, 104
‘Chiorobromomethane CHpC1Br 1011
Methyl bromide CH3Br 1001
Tromotrifluoromethane CF3Br 1301
Dibromodifiluoromethane CFoBro 1202
Dibromotetrafluercethane g%FuBre 2402
Dibromoctlorotrifluoroethane ClBr, 2312
Ethyl bromide c 2001
Perflucromsthylcyclohexane CgF11CF3 GN(M)
Carbon tetrafluoride CF), 1k

Carbon dioxide {CO,) was used for purposes of comparison. The ani-
mals used were male Wistar strain rats weighing between 220 and 250 g.

For undecomposed vapor, glass constant-flow gassing chambers of
20-1liter capacity were used. The air flow through the chambers was
held constant at the rate of 2 liters per minute. Concentrations of
the compound to be examined were set up by introducing measured
quantities of vapor into the affluent air at a constent rate. A
number of exposure runs were made using concentration levels, each
50 percent higher than the previous run. One rat was exposed in each
run for 15 minutes. Survivors were observed for 14 days. Dead ani-
mls were examined for pathology. Tb- . # for aneathesia during
exposure was noted,

For pyrolized vapor the procedure was the same as that for
natural vapor, with the exception that prior to introduction into
the gassing cramber the vapors were paessed through an iron pipe
maintained at 300 C in an electric furnace and then cooled to room
temperature. The rate of flow through the heated pipe was adjusted
so that the vapors were in contact with the hot metal for one secord.

The method proposed by Deichmennl was used as a basis for calcu-
lation of resuits, Deichmann administered to single animals doses

1 W. B. Deichmenn and T. J. LeBlanc , "Determination of the approxi-
mati Lethal Dose with about Six Animmls," J. Ind. Hyg., 22 (19h3,)
p. 415.
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graded so that they were increased by 50 percent. The dose causing
the first death was called the "approximate lethal dose™ (ALD).
Since this method had not previously been used for inhalation
studies, its yalidity was partially verified by an experimental
series of runs with methyl bromide, using 10 rats at each concen-
tration level, the results being calculated by the method of
Wilcoxon and Iitchfield2, In the calculation of the "apmroximate
lethal concentration” (AIC), all deaths occurring from the time

of exposure to the end of the lli-day obseryation period were used.

2 F, wilcoxon and J. T. Litchfield, Jr., "A Simplified Method for
Evaluating Dose-Effect Experiments," J. Pharm. and Exptl. Ther.,

96, 2, (June 1949), pp 99-113.

Jé60
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Appendix D, Exhibit 8

EXHIBIT 8. Engineering Test Apparatus and Procedures. The
Randolph Laboratories’ 24-1b CO, unit was used for applying the
agents in the engineering tests, while the fuel used was unleaded
industrial naphtha. Basically the test procedures followed Under-
vriters' Laboratory standards.

a. Class B Fires. In the 2-ft diameter tub fires, a
2-ft diameter tub of sheet steel was filled with watsr tc within
10} inches of the rim. Two quarts of gasoline were poured on the
vater and ignited. A preburn of 20 seconds was allowed before the
fire was attacked as shown in Fig. 11.

b. Class C Fires. Three Class C fire tests were used:
(1) Eight pounds of cotton waste were spread over an area measur-
ing 2 by 4 feet, wetted evenly with 2 quarts of gasoline, and
ignited. After a 10-second preburn, the fire was attacked from one
narrow end of the area, toward the other. (2) The second test was
conducted in the same manner as the first except that 6 pounds of
waste were placed in an area 2 by 3 feet, and l% quarts of gasoline
were applied. (3) In the third test, 4 pounds of cotton were used in
an area 2 by 2 feet and 1 quart of gasoline was applied (see Fig. 11).
The bulk of the Class C fire tests were conducted with the first
procedure cited above, since this procedure proved most suitable for
obtaining data on the more effective fire extinguishing agents, and
these data are shown in Table XXI.




Fig. 11. Top: Extinguishing Class B tub fire with dibromodi -
fluoromethane, Bottom: Extinguishing Class C cotton
waste fire with the same agent.

36/
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Appendix B, Behibit 9
JKNIAIT 9. Data, Wuglusering Test, (WKL)
Table IXI. Evaluation of Emxn end Orifice Rffests on
the Effectiv of Bihromodiflucrosethane
in Ulsse B 2-ft Tud Fire Tests®
“Horn Grifice Approx. Time Yo
Dimens iona® Diameter (in.) Ext. (ex . (8eo
1 13/16-1in. d1sm by 5-in. long  0.0625 9.6 2
-4 L x 0.0kk2 8.6 3
= o o® x - 0.028% 5.6 5
1 13/16-4n, dism by 2%-in. long 0.0625 8.3 )
. é " h{ . = 0.0kk2 5.3 2
= L n " | 0-&8& 3.3 3
B-Mo max, diam flare 0-0625 11.3 3
.. £ w " 0.0kk2 7.6 3
" ® * " 0.028% 7.3 7

(a) Tests cenducted with 2ix1b CO, cylinders ccntaining 2 1b of
agent pressurized to 400 psig at 70 ¥ with nitrogen. Results
indigated are averages of 3 tests.

(b) Ses Fig. 12.
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Appendix D, Exhibit 10

EXHIBIT 10. Apparatus and Procedures, Low ature Fire
Tests Tn WAL Goli Chamber. o scnduoting Fire Tost st 05 F,
it was necessary to use the large (1k- by 13- by 38-ft) Cold Chamber
of the ERDL Climatic Test Laboratory, where an exhaust fan of 3600
ofm capacity 1s available. In order to contain the test fires, as
well as to collect and exhaust the cambustion products irmediately,
a special test canopy measuring 8 by 6 by 6% feet (see Fig. 13) was
designed by the Fire Apparatus Sectiom and canstruoted in the ERDL
Shops. By the use of this device, danger to persomnel was avoided,
and the atmosphere was kept clear enough so that the test fires
could be observed.

Equimment was set up in the test canopy and in the control .
roan to provide semi-automatic and remote control of the tests.
The equimment in the canopy is shown in Fig. 14. An oscillating
swivel arm (A) was provided to direct the spray from the test
cylinder (B) over the entire surface of the 25-in. sguare burning
pan (C), in which a spark plug (D) and methane bleed line (R) were
provided to ignite the fuel. A photo-electric cell (F) was provided
to record the incidence of fire in the pan. Since the cell is normal-
1y inoperative at -65 F, it was placed in an insulated box with a
20-watt light bulb to insure proper operation, a thermocouple located
in the insulated box indicated that a temperature of 50 F was maln-
tained throughout the tests. The impulse fram the photo-electric
cell operated through a time delay relay to activate a motion
plcture camera covering the field indicated in Fig. 1k. The time
delay relay also activated the solenoid (G) and the oscillating
motor (H), the units that provided for the release of the extin-
gulshing agent and the sweep of the extinguisher over the burning
pan. The rheostat (J) controlled the period of oscillation, which
in these tests, was held at 5% seconds for a camplete cycle. The
impulse from the photo-electric cell resulting from the extingulsh-
ment of the fire was converted by the relay box to the necessary
circult changes to immediately close the extinguisher valve, cease
oscillation of the bracket arm, and stop the motion plcture camera.
An electric clock was synchronized with the relay box so as to in-
dicate the time required for extingulshment.

Thermocouples located inside the Cold Chamber indicated the
test temperature.

Randolph Laboratories 2%-1b and C-0-Two 2-1b COp extinguishers,
charged with 2 pounds of agent, were used for the tests. An aluminum
horn was used for all the spray application tests and a stralght
stream commercial nozzle was used with the same cylinder for the
straight stream application tests.
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The test procedure was as follows:

Each charged extinguisher was weighed before and after
test, and the weights were recordsd.

Prior to each fire 8 oz of fuel was placed in the
burning pan.

During the first tests the fire was started by aotivating
the spark plug; however, the plug became s0 badly fouled that sub-
sequently the fire had to be lighted manually.

The time intervul between ignition of the fire, and acti-
vation of the extinguisliar by the time delay relay was measured by
a msnually operated stop watch, and was recorded.

The time required for extingwislment was indicated auto-
matically on an electric clock, and was recorded by the operatar
as was the method of applying the agent (straight stresm or nisfj R
and the number and type of cylinder used.

Care was taken to insure that no agent remained in the
burning pan before undertaking a subsequent test.
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Fig. 14, Interior and controls of canopy used in Cold Chamber
tests. (See text for explanation of letters.)
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Appendix E, Exhibit 1
APPENDIX E

Comparison of PRF Data with That fram Other Sources

EXHIBIT 1. Data fram Civil Aeranamtics Authority, %rinental
Station, Indianapoiis, Indlana. The Tecinical Develomsen ce
of the éivil Azronanﬁus Iithority, conducts & program for testing
the effectiveness of various agents in ocmmbating aircraft cylinder
fires. For this partioular study, a bench assembly was set up that
consisted of a single cylinder of a radial aircraft engine (ccmplete
with baffles and plugs) mownted in an air duct, and extinguishing
nozzle and a source of fire. In operation, a mixture of air, fuel,
and lubricating oil was passed through the air duct and around the
cylinder, and was ignited by applying & torch to the exhaust duct

of the system. The contours of the duoct around the cylinder were
such that the flame was maintained on the leeward side of the cylim-
der, and did not progress to the fuel mixing chamber. Iwenty seconds
preburn were allowed before application of the agent. The agent was
appllied as follows:

a. A predetermined weight of agent was fed to a pressure
cylinder at atmospheric, or elevated pressure, depending on the
vapor pressure of the agent.

b. The cylinder was then pressurized by nitrogen to a
predetermined pressure (500 psi in most cases reported here).

6. A quick opening valve was actuated to allow the agert
to be forced from the nozzle into the flame area, the nozzle being
located to provide optimum mixing of the agent with the fuel air
mixture involved.

The effectiveness of an agent was determined by varylng the
amount of agent placed in the pressure chamber In a serles of trials,
and noting whether or not a given amount of agent extinguilshed a
fire. The maximm amount which repeatedly extinguished a fire was
recorded as the measure of the efficlency of the agent. Check runs
were made with methyl bromide each time a compound was investigated.
The data from these tests are presented in Table XXII, together
with the welght of agent required and a calculation of its effil-
clency in terms of methyl bromide. The determinations were made
using 20 seconds preburn, a large double slot nozzle, and a
pressure of 500 pei. The data are reproducivle to 0.01 pound of
the agent.
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Table XXTI. Results of CAA Bench Tests of Fire Extinguishing Agents

Amount Weizht
Used effectiveness®
Agent Halon No. (1pb) (%)
Methyl bromlde 1001 0.10 100
Chlorobromomethane 1011 0.13 T7
Methyl iodide 10001 0.15 67
Carbon tetrachloride 104 0.24 ko
DachlaurinP . 0.27 37
Carbon dioxide® ces 0.60 17
1,2-dibromotetrafliuoro- 2402 0.11 91
ethane
Tetrabromoethane 2004 0.21 48
Bromodichloromsthane 1021 0.12 83
Tribromomethane 1003 0,08 125
Bromotrichloromethane 1031 0.13 T7
Divromochloromethane 1012 0.10 100
Ethyl bromide 2001 0.16 63
1,2-d1bromoethane 2002 0.14 T2
Dibromomethane 1002 0.11 91
1,2-dibromo 3-chloro- 30124 0.23 43
propane

(a) Methyl bromide = 100%.
(b) An agent incorporating carbon dioxide and chlorobromomethane.
(c) Application pressure 800 psi.

The CAA report noted that this table glves a comparison of
agents under one arbitrary condition only, and pointed out that it
is possible that some agents may be more effective when discharged
through a different slze or type of nozzle and./or at a different
rressure., They reported that in preliminary investigations, at
Iressures from 100 psi to 600 psi, and using large, medium, and
small nozzles of the same design, the results indicated that methyl
bromide was most effective when used with the medium sized nozzle at
200 psi, requiring .09 pounds of agent to extinguish the fire,

The curve in Fig. 1> comperes the welght efficlencies estimated
from the PRF data with those calculated from the CAA data. It 1s
seen that carbon dioxide does not produce a point near the apparent
function, probably a result of difficulty in testing carbon dioxide
in the bench test because of its high vapor pressure (approximately
800 psl). The smaller deviations from a linear relationship pro-
bably result from:

(1) The application rate characteristics of individual

Fés™
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compounds in the bench test (see Table XXII).

(2) A difference between the flammable material concen-
tration in the bench test and the flammable concentration in the
flame inhibition test (i.e., the bench test may employ a ooncen-
tration of flammable differing from that at peak flammability).

(3) The possible effect of molecular weight on such
properties as rate of diffusion (this is not considered in the
veight efficiency estimates based on PRF data).

(b) A pressure in the fire zone of the bench test dif-
fering from that in the flame inhibition tests.
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Appendix E, Exhibit 2

EXHIBIT 2. Comparison c¢f PRF Data with Similar Data from
Minnesota Mining and Manufacturing Company. The following desorip-
tion of the test method used is taken from a report of the New Pro-
ducts Division of the Minnesota Mining and Manufacturing Company,
Fluorocarbons as Fire Extinguishing Agents, 5 November 1948. The
reporting organization emphasized that the data obtained by this
method are comparative and limited to this particular test, and were
taken for the purpose of preliminary or "screening" investigation.

The report stated that the method used to compare the efficien-
cies of the fluorocarbons with other types of fire extinguishing
agents was essentially as follows: A five-gallon can, lacquered
on the inside, was equipped with a mixing fan, an observation win-
dov sealed and clamped to the top of the can, a large rubber stopper
inserted in the hole at the top of the can, and a gas inlet tube at
the bottom of the can. The desired amourt of liquid or gas wvas
introduced into the can, and the can was immediately closed. The
fan was started and the gases were mixed for five minutes. The
1iquid samples were evaporated quickly by applying heat, and then
the system was cooled to room temperature before beginning the
test. After the five-minute psriod, the fan was stopped. Cotton
(0.5 g) in a wire basket (copper or nichrome) was wet with 10 drops
of heptane ard ignited, and the flaming cotton was thrust into the
can., After the flame was extinguished, the cotton was removed, and
air was blown through the system for ten minutes before another
test was begun.

The experimental results from the above report are summarized
in Table XXIII, in which ‘the comparative effectiveness has been cal-
culated for the agents which were also evaluated at Purdue. Since a
direct basis of comparison did not exist (methyl bromide was not
tested by MM&M), carbon dioxide was used as the key compound, its
percent effectiveness (71%) being assumed to be the same in this
test as it was in the other. Comparison of these data with equi-
valent data from the PRF 1s shown in Fig. 16.




>
°

CH,I| A

8

CH,

[ 4
(=}

o
o

o
o

CF,

PERGCENTAGE EFFECTIVEMNESS (Methy! bromide=100) PRF DATA

[l
Q

0 20 490 60 80 00
CT

P TAGE EFFECTI
(Methyl Bromide = 100) MM &M DATA
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and Manufacturing Company compared with similar data
from the FPRF.
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Table XXIII. Swummary of Results of Fire Tests
by Minnesota Mining and Manufacturing Company
Approximate
Boiling Amount to
Point Extinguish Effective-
Agent Halon (Deg. C) Flame Instan- ness
No. taneously ()2
($ by Wt. in Air)
Carbon tetrafluoride 1k -129 28-33 b7
Hexafluoroethane 26 - 78 28-31
Octafluoropropane 38 - 38 29
Octadecafluoro- - 99 35-40
dibutylether
Chlorobromomethane 1011 69 15 95
Carbon tetrachloride 10k 77 25 5T
Carbon dioxide - - 20 71b
Dichloromethane 102 ko . 25-30
Methyl iocdide 10001 T 15 95

(a) Methyl bromide = 100%

(b) See text in previous paragraph.




mn X, Exhibit 3

EXHIBEIT 3. Data from %sh Sources. In an intelligence re-
port, orce Attac n on reported data developed by
the Pyrene Co., Ltd. (London).l Burgoyne and Richardson, of the
Imperial College of Science & Technology, London, have reported
the results of similar tests.2 Table XXIV shows the concentratiocns
of agents (in grams per liter of air) foupd by the Pyrene Co. to
be necessary to extinguish n-heptans fires at normal temperatures
and pressures. It also shows the concentratioms of agents in alr,
expressed as yolume percent, found by Burgoyne and Richardson to
be necessary to extinguish n-hexsne ligquid fires instantaneously.
For each of these, the percent effectlyeness was calculated in the
mamer mreviously reported in Appendix E, Exhibits 2 and 3.

Table XXIV. Results of Fire Tests by English Investigators
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Pyrene Co.,Ltd  Burgoyne & Richardson
Halon Conc. Effectiye- Conc. EfTective-

Agent No. nesg ness
(2 by Wt)2($ by Vol) (% by Wt)®
Methyl bromlde 1001 0.09 100 5.5 100
Methyl 1lodide 10001 0.28 68 - -
Carbon tetrachloride 104 0.33 58 7.2 47
Carbon dioxide - - 22 23.5

(a) Mothyl bromide set at 100%

1 Afr Force Intelligence Report 817-48, "Aircraft Fire Protection,”

3 May 1948, p. 3.
2 J.H Burgoyne and J. F. Richardson, "Extinguishing Burning
Liquids", Fuel 28, 7 (1949) p. 155.
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ADDRESS REPLY YO THE ENGINEER CENTER AND FORT BELVOIR

CONNANDING OFFICRA
FORT BEL ‘
> INGINERR RESEARCH AND SEVILOPHENT LABORATORISS OR VOIR. VA.

FORT BELVOIR, VA.

in REPLY
REFER YO:

30 OCT w50
TECKD ASI.
8=76-04-008

SUBJECT: Tranasmittal of Report 1177, Interim Report, Vaporising Fire
Extinguishing Agents

THRU : Commanding General
The Engineer Center and Fort Belvoir
Fort Belvoir, Virginia

TOs Chief of Engineers
Department of the Army
Washington 25, D. C.
ATTENTION: Chief, Engineer Research and Development Division

1l Transmitted herewith is Report 1177, "Interim Report, Vaporising

Fire Extinguishing Agent," dated 18 August 1950, which was prepared by

the Technical Staff of the Engineer Research and Development Laboratories.

This interim report covers laboratory tests and research to develop a
superior fire extinguishing agent, of low toxicity, suitable for use by
troops in hand~-portable containers under all climatic conditions.

2. The report concludes that:

ae Of all the agents tested, bromotrifluorcomethane best suits
the actual military requirements for a fire extinguishing agent, and is
superior to methyl bromide and carbon tetrachloride.

be As a military fire fighting agent, dibromodifluoromethane
is equivalent to bromotrifluoromethane in all respects exscept that of
toxicitye.

3. The report recommends that service tests be conducted on bromo-
trifluorcmethane as a fire extinguishing agent for Class B and C fires.
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8-76-04-003

Subject: Transmittal of Report 1177, Interim Report, Vaporiszing Fire
Bxtinguishing Agents ,

4. The report with its conclusions and recommendations is approved.
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2 Incls O. B. BEASLEY
l. Proposed distr list Colonel, CEB

(in quint) Command ing
2. Rpt 1177 (in quad)
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SUBJECT: Transmittal of Report 1177, Interim Heport, Vaporigzing Fire
Rxtinguishing Agents

ENGNC(30 Oct 50) 2nd Ind,
0ffice of the Chief of Engineers, Washingtom 25, D.C. 8 November 1950
70: The Commanding General, The Engineer Center, Fort Blvair, Virginia

1, The recomsendation parsgraph 22, page 43 of the subject Interim
Report 1177, entitled Vaporising Fire Extinguishing Agents is approved.

2. T™e proposed distribtution list inclosed with the basic letter is
approved except that the Office Technical Services, Department of Commerce
shall bs deleted from the list.
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